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Introduction 

The  activities  of  the  period  under  review  are  overshadowed 
by  the  \ sudden  death  of  our  secretary,  Dr.  F.J.  Plantema. 

On  a  Sunday  morning,  13  November  1966,  he  was  stricken  by 
a  heart  attack.  Of  course  this  blow  was  most  heavily 
felt  by  his  family.  At  the  NLR  everybody  of  his, 
department  was  startled  and  overcome  with  great  sadness. 
Citing  an  NLR  letter:  "We  at  the  Structures  and  Materials 
Department  of  NLR  lost  our  chief,  a  man  we  have  known  as 
very  modest  and  as  somebody  who  never  put  himself  in  the 
foreground.  He  was  very  mindful  of  good  human  relations 
and  proved  to  be  a  good  friend  to  all  of  us.  He  was 
capable  of  taking  the  right  decisions,  and  he  always  took 
them  with  great  care.  We  lost  an  amiable  man,  who  was  a 
beloved  and  dedicated  chief". 

Similar  words  apply  to  the  feelings  in  ICAF.  We  lost 
our  secretary.  In  May  1951  Dr.  Plantema  took  the 
initiative  for  the  foundation  of  the  International 
Committee  on  Aeronautical  Fatigue  and  until  his  death 
he  was  the  only  official  of  ICAF,  co-ordinating  and 
stimulating  its  activities.  The  technical  aspects  of 
his  work  will  be  reported  in  the  Dr.  F.J.  Plantema 
Memorial  Lecture,  that  will  be  presented  by  Mr.  Branger 
during  the  Symposium  next  week  and  this  need  not  be 
repeated  here. 
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In  passing  it  may  be  noted  that  Dr.  Plant ema  prepared 
38  Quarterly  Bulletins  and  the  Secretary's  Review  as  well 
as  the  Minutes  of  the  Business  Meetings  of  9  conferences. 

In  addition  he  did  a  lot  of  work  by  correspondence.  All 
this  work  he  performed  in  the  most  careful  and  conscientious 
manner  that  was  characteristic  to  him.  The  personal 
satisfaction  he  gained  from  the  secretarial  work  was  the 
knowledge  that  ICAF  was  generally  appreciated  as  a  useful 
organisation  and  also  as  a  circle  of  sincere  friends. 

For  ICAF  the  death  of  Dr.  Plantema  is  a  closure  to  a 
period  that  has  been  marked  by  his  personal  pursuance  of 
good  ICAF-relations .  He  has  left  us  a  sound  organisation 
and  it  is  up  to  us  to  carry  on  his  valuable  work. 

2 .  Activities  in  the  period  June  1965  to  May  1967 

The  membership  of  ICAF  as  shown  in  Appendix  A  did  not 
change  during  the  period  under  review.  Applications  for 
membership  have  been  received  from  two  countries.  They 
will  be  discussed  during  the  Business  Meeting  in  Melbourne. 

The  ninth  ICAF  Conference  and  the  fourth  ICAF  Symposium 
(June  1965)  organized  by  the  German  Centre  under  the 
direction  of  Professor  Gassner  were  generally  felt  to  have 
been  very  successful.  During  the  Conference  we  had  for 
the  first  time  a  Closed  Technical  Session.  This  originated 
from  the  idea  that  we  should  have  an  opportunity  to  discuss 
fatigue  problems  of  mutual  interest  in  a  smaller  group  of 
participants.  The  discussion  during  the  Closed  Technical 
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Session  touched  upon  a  variety  of  subjects  and  was 
characterized  by  a  lively  exchange  of  opinions.  It  was 
therefore  decided  in  Munich  to  continue  this  type  of 
activity  during  the  Australian  meeting. 

The  size  of  the  Munich  meeting  can  be  illustrated  by  the 
following' data  : 

Symposium,  3  days,  15  papers,  179  participants. 

Conference,  2  days,  10  reviews,  74  participants. 

Closed  Technical  Meeting,  1  day,  discussions  only, 

31  participants. 

One  technical  excursion  and  one  social  tour. 

It  is  hardly  Imaginable  that  an  ICAP  meeting  could  be 
further  intensified. 

The  National  Reviews  on  aeronautical  fatigue  investigations 
as  well  as  a  summary  of  the  discussion  during  the  Closed 
Technical  Meeting  were  published  in  the  Minutes  of  the 
Ninth  Conference  prepared  by  the  German  Centre.  This  well 
edited  report  is  considered  to  be  a  most  valuable  document. 
Unfortunately  the  publication  of  the  symposium  book  has  me,t 
with  unforeseen  difficulties.  It  is  hoped,  however,  that 
this  problem  can  be  overcome  since  the  collection  of  papers 
presented  at  the  symposium  will  certainly  become  a 
frequently  consulted  source  of  references. 

With  respect  to  ICAR's  relations  to  AGARD  it  may  be 
repeated  that  there  was  no  collaboration  on  an  official 
basis  during  the  period  under  review.  However,  through  the 
personal  relations  between  AGARD  fatigue  specialists  and 
ICAF  delegates  (who  in  some  cases  were  the  same  persons)  the 
AGARD  activities  on  aeronautical  fatigue  could  be  reported  in 
the  Quarterly  Bulletins  as  before. 
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3.  Preparation  of  present  meeting 

Already  in  1961  an  initial  Australian  invitation  for 
holding  an  ICAF  meeting  in  Australia  had  been  received. 

The  possibilities  to  attract  a  sufficient  number  of 
'-overseas  attendees  were  explored  in  1964,  which  justified 
the  decision  taken  at  Munich  to  accept  the  Australian 
invitation  for  holding  the  1967  meeting  in  Melbourne. 

Since  then  Mr.  Mann  and  his  group  have  vigorously  been 
working  on  the  organisation  of  the  meeting,  which  will 
encompass  the  Tenth  Conference  with  a  closed  technical 
session  and  the  Fifth  Symposium. 

The  title  of  i;he  symposium  is  "Aircraft  Fatigue  -  Design, 
Operational  and  Economic  Aspects".  The  organising 
committee  succeeded  in  collecting  a  series  of  promising 
papers.  20  papers  were  accepted,  the  last  list  of  them  was 
distributed  on  February  1967  (preliminary  lists  were  sent 
to  the  delegates  in  September  and  October  1966).  They 
embraced  the  following  subjects:  Loading  conditions, 
design  and  certification,  fatigue  testing,  and  economic 
and  operational  aspects. 

Programs  of  the  whole  meeting  were  sent  in  March  1966, 

August  1966  and  November  1966  in  more  and  more  elaborated 
form,  the  final  program  being  dispatched  in  April  1 967 * 

This  and  all  the  further  preparations  caused  a  lot  of  work 
that  was  done  with  great  enthusiasm  and  thoroughness.  All 
persons  who  devoted  much  time  and  efforts  to  the  organisation 
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of  the  meeting,  especially  the  organizing  committee 
(Mr.  Lawrence,  Mr.  Mann,  Mr.  Gornall,  Mr.  Hooper  and 
Mr.  Scoles)  deserve  the  great  appreciation  of  I  OAF. 

The  meeting  will  certainly  be  a  high  success  and  this 
will  be  the  well-deserved  reward  of  the  team. 

The  organising  committee  has  considered  the  suggestion 
that  a  special  lecture  in  honour  of  the  late  Dr.  Plantema 
be  instituted  as  part  of  the  ICAP  bi-annual  meetings. 

This  idea  has  received  full  support  from  all  delegates. 

Mr.  Branger,  who  has  been  ICAP  delegate  since  the  first 
ICAP  conference,  was  invited  to  present  this  lecture 
during  the  Melbourne  symposium.  This  lecture  will  be 
given  at  the  evening  of  22nd  May. 

4.  I CAF-S  e  cr e  t  ary 

During  the  present  period  the  secretary  Dr.  Plantema 
suddenly  passed  away  as  reported  in  the  introduction  to 
this  review.  In  the  period  from  November  1966  until  May 
1967  Dr.  Schijve  acted  as  a  secretary  ad  interim. 

At  the  preliminary  Business  Meeting  held  on  17th  May  in 
Melbourne  it  was  formally  moved  and  agreed  that  Mr.  Branger 
be  elected  to  the  position  of  ICAP  Secretary,  as  the 
successor  to  Dr.  Plantema.  It  was  agreed  that  the  general 
policy  of  ICAP  would  be  to  elect  a  Secretary  for  a 
period  of  two  years,  but  that  after  such  period  the 
Secretary  should  be  eligible  for  re-election.  If  he  felt 
unable  to  continue  in  this  position  he  should  notify  the 
other  delegates  six  month  in  advance. 
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5.  Some  information  on  new  ICAff  Documents 

In  the  period  reviewed  the  number  of  I CAP  documents  has 
grown  from  305  to  357.  A  list  of  these  documents  will  be 
issued  separately  as  ICAP  Doc.  361 . 

Taking  also  into  consideration  the  papers  presented  at  the 
Munich  symposium  a  few  general  remarks  will  be  made  on  the 
subjects  dealt  with  in  the  various  documents. 

The  first  impression  is  that  the  list  of  subjects  is  of 
an  unusually  large  variety.  Nevertheless  a  few  general 
issues  can  be  mentioned,  namely:  Pull-scale  testing,  crack 
propagation  and  residual  strength.  The  same  remark  was 
made  in  the  Secretary's  Review  presented  two  years  ago  in 
Munich.  Apparently  we  are  still  struggling  with  the  same 
problems . 

Aspects  related  to  full-scale  testing  discussed  in  the 
papers  were  testing  procedures,  airworthiness  criteria, 
apparatus  for  simulating  service  loads,  scatter,  economy 
of  testing,  relation  to  service  life.  In  addition  design 
aspects  were  considered  in  some  papers  with  special 
attention  to  the  failsafe  philosophy.  Only  a  few  papers 
were  dealing  with  service  loads. 

In  some  fifteen  papers  crack  propagation  and  residual 
strength  were  investigated.  Empirical  results  were  mainly 
restricted  to  aluminium  alloys.  Theoretical  treatments  of 
predicting  crack  rates  and  strength  in  cracked  condition 
were  presented  in  some  papers. 
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The  prediction  of  fatigue  life  under  variable-amplitude 
loading  including  random  loading  was  studied  in  a  small 
number  of  papers.  The  assessment  of  allowable  design 
stresses  is  a  related  topic  studied  in  another  paper. 

Reports  on  fatigue  testing  of  materials  and  components 
partly  had  an  ad-hoc  nature.  There  were  four  papers  on 
the  fatigue  strength  of  lugs,  indicating  that  lugs  are 
still  an  important  structural  element  for  which  fatigue 
life  is  a  problem  of  major  concern. 

Subjects  of  other  papers  to  be  mentioned  are:  Cyclic 
plastic  stresses  at  a  notch  root,  poor  detail  design 
features,  fatigue  life  in  service  of  motor  car  components, 
fatigue  life  under  non-sinusoidal  loading,  low-cycle  fatigue 
embrittlement  of  steel. 

In  conclusion  it  may  be  said  that  the  variety  of  subjects 
in  the  specialized  field  of  aeronautical  fatigue  may 
appe&r  to  be  somewhat  remarkable  to  an  outsider.  For  the 
insider,  however,  the  variety  is  well  known  and  to  him  it 
implies  that  an  exchange  of  knowledge,  data  and  opinions 
is  highly  necessary.  This  exchange  is  the  basic  reason 
for  the  existence  of  ICAF. 

Presented  at  the  10th  ICAF  Conference 
MELBOURNE,  16th  May  1967. 
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1  Introduction, 

The  review  of  some  investigations  on  fatigue  in  The  Netherlands  compiled 
for  this  tenth  ICAF  conference  covers  the  research  in  the  period  since  the 
meeting  in  Munioh  in  June  1 9^5  till  about  the  first  of  January  of  this  year. 

In  the  sections  2-7  a  summary  will  be  given  of  investigations  whioh  in  this 
period  of  about  one  and  a  half  year  have  been  oompleted  or  have  reaohed  an 
advanced  stage.  Section  8  gives  some  oonoluding  remarks  whioh  are  ohiefly  re¬ 
lated  to  investigations  planned  for  the  near  future  or  whioh  are  still  in 
their  initial  stage. 

In  1966  the  Materials  and  Struotures  Department  of  the  NLR  has  moved  from 
the  Main  Laboratory  in  Amsterdam  to  the  Branoh  Laboratory  in  the  North  East 
Polder  into  a  new  building  with  some  new  equipment  and  superior  possibilities 
for  utilization  of  machinery  and  apparatus.  A  great  variety  of  preparatory 
studies  related  to  the  static  and  fatigue  testing  at  the  NLR  of  the  wings  and 
other  sections  of  the  Fokker  F-28  Fellowship  have  delayed  the  progress  of 
other  investigations. 


2  Full  scale  fatigue  teats  on  7^75~T6  tension  skins. 

Although  the  tests  described  in  the  review  presented  in  Munich  were 
almost  completed  at  that  time,  a  full  analysis  and  a  study  of  the  consequenoes 
for  designing  load  sequences  for  testing  new  aircraft  were  made  during  the 
period  now  being  reviewed.  The  amount  of  data  that  came  available  from  the 
13  teste  was  very  large,  due  to  a  great  variety  of  different  cracks  being 
found,  and  in  addition  the  observations  made  on  oraok  propagation  and  residual 
strength.  A  survey  of  relevant  literature  has  been  included. 

It  is  impossible  to  recapitulate  all  conclusions  of  the  final  report  here 
(see  ref.9)j  but  some  of  them  will  be  briefly  indicated. 

1.  The  picture  of  fatigue  sensitive  components  in  the  structure  was  different 
for  the  variable-amplitude  tests  and  the  constant-amplitude  tests.  The  main 
cause  was  thought  to  be  related  to  the  maximum  load  applied  in  the  test. 

2.  The  picture  of  fatigue  sensitive  components  and  the  fatigue  lives  obtained 
was  not  very  much  different  for  the  programme  tests  and  the  random  tests. 

3.  The  fatigue  life  was  reduced  to  50  %  by  the  GTAC. 

4.  Values  of  ^.n/H  ranged  from  1.4  to  2.5* 

5.  Crack  propagation  mainly  ocourred  at  the  load  cycles  with  the  higher 
amplitudes. 
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6.  The  average  standard  deviation  for  similar  failures  in  one  struoture  was 
Giog  =  O.O85.  This  value  may  he  larger  for  Bimilar  failures  in  a  fleet 
of  aircraft. 

7.  Open  holes,  free  sheet  edges  and  empty  rivet  holes  were  locations  prone  to 
fatigue  crack  nuoleation. 

8.  With  the  present  knowledge  it  cannot  he  expeoted  that  a  method  of  program¬ 
ming  load  sequences  oould  he  outlined  that  would  guarantee  a  reasonably 
accurate  equivalence  with  random  service  loads. 

9.  The  Palmgren-Miner  rule  is  inadequate  for  judging  whether  a  oertain  type  of 
fatigue  loading  has  to  he  applied  or  can  he  omitted  in  full-soale  testing. 

10.  Fatigue  loads  with  small  amplitudes  can  he  damaging  if  they  imply  an  in¬ 
crease  of  load  ranges  pertaining  to  other  types  of  loading. 

11.  A  realistic  load-time  history  for  a  full-scale  test  Bhould  he  a  flight  hy 
flight  simulation.  The  GTAC  should  not  he  applied  in  hatches. 

12.  The  selection  of  the  maximum  load  to  he  applied  in  a  full-scale  test  is  a 
delicate  problem  (see  conclusions  1  and  5  above).  It  is  proposed  to  adopt 
the  load  level  that  on  the  average  is  equalled  or  exceeded  10  times  in  the 
target  life. 


_3  Fatigue  strength  of  riveted,  bolted  and  adhesive-bonded  aluminium  alloy 
specimens . 

In  the  previous  review  some  data  were  given  of  a  comparative  investiga¬ 
tion  on  double  row  single  lap  joints  in  2024-T3  alclad  and  7075~T6  clad  sheet 
material  with  different  types  of  rivets  and  holts.  The  fatigue  tests  with 
fluctuating  tensile  loading  were  of  two  types  viz.  the  standard  constant  load 
amplitude  tests  to  determine  the  S-N  curves  of  the  joints  and  programme  fa¬ 
tigue  tests  comprising  six  stress  amplitudes  applied  alternately  in  increasing 
and  decreasing  order.  The  number  of  oycles  at  each  of  the  six  stress  ampli¬ 
tudes  was  based  on  a  gust  spectrum  using  the  conversion  factor  1  ft/sec  = 

2 

n.33  kg/ mm  .  In  both  types  of  tests  the  mean  gross  stress  in  the  sheet  was 
7  kg/ mm2 . 

The  investigation  has  now  been  completed  and  the  results  were  published 
(ref.]).  Conclusions  from  the  report  arei 
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(1)  Ab  regards  fatigue  strength  of  the  aluminium  alloy  joint,  snap  rivets  of 
2117  Al-alloy  riveted  in  the  aged  condition  and  snap  rivets  of  2017  and 
of  2024  Al-alloy  riveted  in  the  quenched  condition  were  almost  equivalent. 
The  same  was  found  for  snap  rivets  of  2017  Al-alloy  and  Huck  holts  (patent¬ 
ed  special  holt  manufactured  hy  Huok  Manufacturing  Company)  of  equal  static 
shear  strength.  Replacement  of  the  snap  rivets  hy  Avdel  blind  rivets 
without  any  further  change  of  the  rivet  pattern  resulted  in  lower  fatigue 
strength  properties.  In  the  programme  teats  this  replacement  resulted  in  a 
decrease  of  the  fatigue  life  with  a  faotor  of  about  4* 

(2)  In  11  out  of  13  series  of  riveted  specimens  the  magnitude  of  at  frac¬ 
ture  was  above  unity.  This  confirms  the  experience  of  the  NLR  that  with 
fluctuating  fatigue  loading  (R  > 0)  a  fatigue  life  estimate  of  riveted  lap 
joints  with  the  Palmgren-Miner  rule  2E  ^  ■  1  will  usually  he  conservative. 

(3)  The  rating  orders  of  the  13  series  of  riveted  lap  jointB  as  determined 
from  the  results  of  the  constant  load  amplitude  tests  and  those  of  the 
programme  fatigue  tests  showed  only  moderate  agreement. 

(4)  The  programme  tests  and  the  constant  amplitude  tests  showed  good  agreement 
as  regards  the  effect  of  the  type  of  rivet  and  grain  direction  of  the 
sheet  on  the  fatigue  properties  of  the  joint.  The  programma  test  indicated 

a  greater  effect  of  the  sheet  material  used  in  the  manufacture  of  the  joint. 

The  number  of  factors  which  can  affect  the  fatigue  strength  of  riveted 
joints  is  large  and  many  of  them  are  influenced  hy  the  manufacturing  procedure 
and  in  all  probability  are  not  accurately  reproducahle. 

Considering  the  above  a  study  of  the  effect  of  the  manufacturing  proce¬ 
dure  on  the  fatigue  strength  of  riveted  joints  has  been  started.  The  specimen 
is  a  single  lap  joint  of  2024-T3  alclad  sheet  of  l.C  mm  thickness  with  two 
rows  of  eight  2024  aluminium  alloy  snap  rivets  of  3*2  mm  shank  diameter  with  a 
row  and  rivet  pitch  of  20  mm.  The  fatigue  tests  are  constant  stress  amplitude 
tests  and  programme  tests  with  a  mean  gross  stress  in  the  sheet  of  7.0  kg/ ram  . 
Variables  of  the  manufacturing  process  to  he  studied  arej 

(1)  different  riveting  procedures »  pneumatic,  hydraulic,  manual. 

(2)  different  surface  treatments  of  the  metal  prior  to  the  riveting! 
no  surface  treatment,  anodizing,  painting. 

(3)  application  of  a  post  temperature  cycle  corresponding  to  the  curing  oyole 
of  the  Redux  metal  adhesive. 
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Programme  fatigue  tests  have  not  yet  been  made  and  only  sdmer  of 

constant  stress  amplitude  tests  can  be  given  at  this  meeting.  Fig.l  gives 
three  mean  S-N  cutves,  viz.  of 

specimens  A«  no  surface  treatment  of  the  sheets,  diameter  of  hydraulically 
made  closing  head  of  rivet  1.5  times  shank  diaraeterj 
specimens  Bj  as  specimens  A  except  chromic  acid  anodized  and  painted  contact 
surfacej 

specimens  Ci  as  specimens  B  except  ratio  of  1.7  between  diameters  of  closing 
head  and  shank. 

A  comparison  of  the  S-N  curves  A  and  B  indicates  that  anodizing  and  paint¬ 
ing  of  the  contact  surface  had  a  small  deteriorating  effeot  on  the  fatigue 
strength  of  the  riveted  specimens.  An  increase  in  the  ratio  of  the  diameter  of 
the  closing  head  to  the  diameter  of  the  shank  of  the  rivet  from  1.5  to  1.7  had. 
a  notably  favourable  effect,  indicating  that  the  "amount"  of  riveting  is  in¬ 
deed  important. 

The  investigation  on  the  fatigue  properties  of  the  riveted-adhesive 
bonded  construction  as  applied  in  the  pressure  cabin  of  the  Fokker  F-28  air¬ 
craft  has  been  continued  and  could  be  completed  recently.  A  publication  on 
this  investigation  will  be  issued  before  long  (ref. 2).  The  scope  of  the  in¬ 
vestigation  included  a  study  of  the  effects  on  the  fatigue  strength  of  low 
(~55°C)  and  elevated  temperature  (+50°C) ,  frequency  of  loading,  artificial 
ageing  of  the  adhesive,  anodizing  process  prior  to  bonding  and  a  comparison 
with  specimens  of  the  same  dimensions  but  riveted  only  or  adhesive-bonded  only. 
The  typo  of  specimen  used  is  a  single  lap  joint  in  202-+-T3  alclad  sheet  mate¬ 
rial  of  0.8  mm  thiokness,  width  160  mm,  with  three  rows  of  oounteraunk  2024- 
aluminium  alloy  rivets  with  a  diameter  of  3«2  ram  and  a  pitch  of  20  ram.  The 
adhos.ivos,  FC  2216  manufactured  by  the  3-M  company  and  AW  106  manufactured  by 
CIBA,  are  both  room  temperature  curing  thermosetting  two  component  adhesives 
of  the  epoxy  type.  The  fatigue  tests  were  constant  stress  amplitude  tests 
with  a  stress  ratio  R  =  0.1. 
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The  investigation  led  to  the  following  conclusions i 
Comparison  of  The  test  data  indicate  that  in  respect  of 

riveted,  adhesive  bonded  fatigue  strength  at  +20  and  +50°C  t,ha  adhe- 

and  riveted-adhesive  bonded  sive  bonded  specimens  and  the  riveted-adhe- 

2024-T3  alolad  specimens.  sive  bonded  specimens  wore  almost  equivalent  - 

Both  had  a  notable  higher  fatigue  strength 
at  these  temperatures  than  the  merely  rive¬ 
ted  specimens  (see  fig. 2) . 

Effects  on  the  fatigue  strength  of  riveted  adhesive-bonded  specimens  oft 
Temperature  of  testing  (l)  With  EC  2216  as  adhesive  the  fatigue  strength 

Range  -55°C  to  +50°C  decreased  continuously  with  increasing 

temperature . 

(2)  With  AW  106  as  adhesive  the  fatigue  strength 
showed  an  optimum  around  room-temperature. 

(3)  With  increasing  temperature  the  relative 
frequency  of  failure  of  the  specimens  by 
fraoturo  in  the  metal  at  the  edge  of  the 
overlap  decreased  while  that  by  fracture 
in  the  metal  through  the  rivet  holes  in¬ 
creased. 

The  two  adhesiveB  were  almost  equivalent  in 
the  temperature  range  from  room-temperature 
to  +50°C.  EC  2216  has  to  be  preferred  to 
AW  106  for  applications  at  ~55°C» 

In  the  range  of  6-4000  cycles/minute  the  fre¬ 
quency  of  loading  had  only  a  slight  effect. 
The  effect  was  more  pronounced  at  elevated 
temperature  (50°C)  than  at  room  temperature 
or  at  low  temperature  (-55°C). 

Both  with  AW  106  and  EC  2216  as  adhesive 
the  artificial  ageing  reduced  the  fatigue 
life  of  the  specimens.  The  reduction  in 
fatigue  life  which  ranged  from  0-50  $  depend¬ 
ed  on  the  adhesive  used  and  on  the  tempera¬ 
ture  of  testing. 


Adhesivo 

AW  106  or  EC  2216 


Fietreatment  of  the  metal 
Chromic  acid,  anodizing 
Sulfuric  acid  anodizing 


(1)  The  two  anodizing  processes  yielded  equal 
fatigue  strength  of  the  EC  2216  specimens 
at  -55°C. 

(2)  On  the  average  anodizing  by  the  chromic  acid 
process  resulted  in  a  slightly  higher  fatigue 
life  (factor  appr.  1.4)  in  the  tests  at  20 
and  50°C . 


A  Fatigue  strength  of  aluminium  alloy  lugs. 

The  tests  on  lugs  reported  in  the  previous  review  were  continued  on  lugs 
with  a  3  %  expanded  hole.  The  nominal  dimensions  of  the  lugs  were*  width  30  mm, 
pin  diameter  10  mm,  head  distance  20  mm,  resulting  in  K  =  3.5.  This  is  the 
same  type  of  lug  as  used  before.  Various  methods  for  expanding  the  hole  were 
explored  but  none  of  them  was  superior  to  the  method  used  before,  that  means 
drawing  a  tapered  pin  through  a  thin-walled  steel  bush  in  the  hole  and  remo¬ 
ving  the  bush  afterwards.  More  attention  was  paid  now  to  a  good  alignment, 

while  in  addition  reaming  of  the  hole  was  applied.  Fro gramme  tests  were  carried 
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out  on  lugs  of  2024-T3  and  707t>*'T6  material.  The  mean  stress  was  8  kg/ mm  in¬ 
stead  of  S  12.';  in  the  previous  investigation.  The  increase  of  the  fatigue 
life  as  compared  with  the  standard  lug  was  in  the  order  of  30  times  for  the 
2024  specimens  which  is  a  much  better  result  than  obtained  in  tho  preceding 
teBt  series  (approximately  3  times).  The  7075  lugs  with  expanded  hole  had  ex¬ 
tremely  long  endurances  and  tests  were  stopped  before  failure  occurred.  The 
improvement  of  the  fatigue  life  due  to  the  expansion  of  the  hole  exceeded  a 
factor  of  200  times.  For  lugs  with  a  normal  hole  the  programme  life  of  the 
707 j  lugs  was  about  4  times  shorter  than  for  the  2024  lugs.  After  expansion  of 
the  hole  the  former  ].ugs  were  superior,  however.  This  confirms  the  observation 
that  a  low-duotility  material  may  get  a  larger  benefit  with  respect  to  fatigue 
from  a  treatment  that  introduces  residual  compressive  stresses. 
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jj  Fatigue  strength  of  modern  aluminium  alloys  (2024-781  and  7178-T6). 

Sheet  of  the  type  2024  aluminium  alloy  is  mostly  used  in  the  T3  temper  ' 
(naturally  aged).  However,  in  the  T8  temper  (artificially  aged)  the  material 
has  a  higher  yield  strength  and  a  higher  tensile  strength.  On  the  other  hand 
it  is  likely  that  due  to  lower  duotility  the  alloy  in  the  T8  temper  will  have 
reduced  fatigue  and  residual  strength  properties.  In  view  of  obtaining  quanti¬ 
tative  information  on  the  latter  issue  comparative  fatigue  testB,  crack  propa¬ 
gation  testa  and  residual  strength  tests  have  been  performed  on  2024  sheet 
specimens  in  both  tempers  T3  and  T8. 

In  the  fatigue  tests  five  types  of  specimens  have  been  used,  one  unnotched 
arid  four  notched.  The  four  types  of  notched  specimens,  viz.  a  specimen  with  a 
central  hole  K,  *  2.43*  a  specimen  with  two  unloaded  rivets,  a  specimen  with 
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an  adhesive  bonded  doubler  and  a  specimen  with  2  rows  of  loaded  rivetB,  have 
been  used  to  obtain  information  on  a  range  of  notches  which  have  proved  to  be 
representative  for  aircraft  structures.  Fig. 3  gives  information  on  shape  and 
dimensions  of  the  specimens.  For  each  type  of  specimen  the  S-N  curve  for  a 
certain  value  of  the  mean  stress  was  determined  with  about  15  to  20  specimens. 
Supplementary  to  the  constant  load  amplitude  test  3~5  programme  tests  were 
carried  out  at  the  same  mean  stress,  the  programmed  loading  having  been  derived 
from  a  guct  spectrum. 

A  comparison  of  the  test  data  of  the  specimens  in  the  T0  and  in  the  T} 
temper  showed  a  shorter  fatigue  life  of  the  T8  specimens  both  in  the  constant 
load  and  in  the  programme  tests  for  all  five  types  of  specimens.  Ac  for  the 
constant  load  amplitude  tests  this  is  illustrated  for  the  specimens  with  un¬ 
loaded  and  loaded  rivets  in  the  figures  4  and  5*  The  comparison  of  the  S-N 
curves  for  the  same  temper  of  the  alloy  shows  a  significantly  higher  fatigue 
strength  of  an  unloaded  rivet  with  respect  to  a  loaded  one.  Partly  this  has  to 
be  attributed  to  the  excentricity  of  the  single  lap  joints  used  for  the  speci¬ 
mens  with  loaded  holes  which  introduced  bending  stresses. 

The  superiority  of  the  2024-T3  alclad  material  to  the  2024-T8  alclad 
material  in  the  programme  tests  appears  from  the  figures  in  the  table  below. 

For  both  tempers  2  had  a  mean  value  of  about  1. 
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Type  of 

Number  of  periods  in  the 

_  n 
^  if 

specimen 

programme 

testB 

see  fig. 3 

2024'*T8.1 

2024-T3 

2024-T8.1 

_ 

2024-T3 

A 

13 

19 

0*98) 

1.22'' 

B 

6 

14 

0.67 

0.85 

C 

8 

16 

1.24 

f  1.01 

1.24 

1 .02 

D 

38 

61 

1.23 

0.87 

•  S 

30 

60 

0.94  J 

0.91 

Comparative  fatigue  crack  propagation  testa  and  reBidual  strength  teats 
at  room  temperattire  on  olad  2024-T3  and  2024-T3  sheet  material  indicated  that 
crack  propagation  rates  in  the  T8  material  were  about  a  faotor  2  larger  than 
in  the  T3  material  (ref. 19)*  The  residual  strength  of  the  T8  material  was 
lower,  see  fig. 6. 

It  can  be  concluded  from  the  fatigue,  the  crack  propagation  and  the 
residual  strength  teBts,  that  for  applications  at  room  temperature  T3  material 
should  be  preferred  above  T8  material.  The  2024-T8  material  has  superior  pro¬ 
perties  at  elevated  temperatures  (150°C). 

The  investigation  on  the  7178  material  was  of  a  more,  exploratory  nature 
than  that  on  the  2024  alloy.  It  has  been  restricted  to  specimens  type  A  and  B 
of  fig. 3.  The  Specimens  which  were  cut  from  hat  stringers  (extruded  material), 
exhibited  a  large  scatter  in  fatigue  life  both  in  the  constant  load  amplitude 
and  in  the  programme  tests.  The  fatigue  life  of  the  specimens  at  the  same 
stress  amplitude  or  under  programme  loading  was  significantly  higher  than  that 
of  clad  2024-T3  or  TS  sheet  material l 
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—  Fatigue  craok  propagation  in  aluminium  alloy  specimens. 

The  study  at  the  NLR  of  fatigue  craok  propagation  in  aluminium  alloy 
specimens  was  continued.  In  this  review  a  brief  discussion  will  be  given  of 
the  following  aspects. 

(1)  Application  of  the  stress  intensity  factor  to  the  growth  of  micro-cracks. 

(2)  The  effect  on  craok  propagation  of  testing  indoors  and  outdoors. 

(3)  The  effect  on  craok  propagation  of  environment  and  loading  frequency. 

(4)  Crack  propagation  rates  in  2024-T3  alclad  sheet  from  different  manufac¬ 
turers. 

The  effects  on  creek  propagation  of  ground-to-air  cycles  and  the  width  of 
the  specimen  are  omitted  from  the  discussion.  Typical  results  were  already 
presented  at  the  ICAF  Conference  in  Munich.  Since  then  these  investigations 
have  been  completed  and  full  data  can  be  found  in  the  published  reports  (refs 
3  and  4) . 

(l)  Application  of  the  stress  intensity  factor  to  the  growth  of  micro-cracks. 

Paris  and  collaborators  (ref. 5)  have  introduced  the  stress  intensity 
factor  in  equations  for  the  crack  propagation  rate  in  fatigue  tests.  They  prop¬ 
osed  the  simple  equation 

d£ 

crack  rate  -  f(K)  (l)  K  =  Btress  intensity  factor. 

The  validity  of  this  crack  rate  equation  has  been  verified  for  macro  fatigue 
cracks,  notably  by  the  group  of  Paris  (refs  5  and  6).  A  good  correlation  has 
been  found  between  crack  rate  and  K-value  particularly  with  aluminium  alloys. 
Our  test  results,  however,  showed  the  relation  in  equation  (l)  to  be  dependent 
on  the  stress  ratio  R  (see  ref. 7).  Schijve  has  applied  his  data  on  the  growth 
of  mioro-oracks  in  fatigue  tests  on  plain  and  notched  aluminium  alloy  speci¬ 
mens  of  different  size  to  verify  the  applicability  of  equation  (l)  for  the 
growth  of  fatigue  cracks  in  the  mioro-stage  (ref. 7)*  The  dimensions  of  the 
specimens  which  Sohijve  has  used  in  his  investigation  are  given  in  fig. 7.  The 
fatigue  tests  were  performed  on  specimens  of  bare  2024-T3  aluminium  alloy 

sheet  of  2  mm  thiokness  with  S  .  =0  (stress  ratio  R  =  0) .  The  crack  growth 

mm 

started  at  the  corners  of  the  minimum  section.  This  corner  cracks  had  the 
shape  of  a  quarter  of  a  circle  and  the  craok  length  f  was  measured  from  the 
edge  of  the  hole  or  the  edge  of  the  unnotohed  specimen  along  the  speoimen  sur¬ 
face,  The  crack  rate  has  been  plotted  as  a  function  of  the  stress  intensity 
factor  K  in  fig. 8.  The  results  plotted  we-e  obtained  at  different  stress 
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lovels,  tabulated,  in  fig.  8  with  the  corresponding  fatigue  lives,  and  at  three 
values  of  the  crack  length,  viz.  i  *•  0.2,  0.5  and  1  mm.  The  graph  in  fig. 8 
demonstrates  a  surprisingly  good  correlation  of  the  growth  of  the  corner 
craoks  in  the  three  specimens  with  the  stress  intensity  factor.  After  the 
corner  cracks  had  completely  penetrated  the  sheet  thickness,  the  crack  front 
was  perpendicular  to  the  sheet  aurfaoe.  For  these  larger  edge  oracks  (f>2  mm) 
the  orack  rate  has  also  been  plotted  versus  the  stress  intensity  factor.  The 
three  average  curves  are  reproduced  in  fig. 9.  Although  there  are  some  differen¬ 
ces  between  the  results  for  the  three  types  of  specimens,  these  differences 
are  small.  The  curve  for  tho  corner  cracks  in  fig. 8  has  been  replotted  in 
fig. 9  and  a  comparison  with  those  of  the  edge  craoks  shows  that  the  crack  rate 

of  a  corner  crack  is  much  smaller  than  the  crack,  rate  of  an  edge  crack.  It  is 

> 

clear  that  it  oust  be  smaller  in  view  of  the  restraint  on  crack  opening, 

Schijve  assumed  that  the  ratio  between  the  stress  intensity  factors  for  corner 
cracks  and  edge  cracks  is  the  same  as  the  ratio  between  the  K-values  for  a 
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central  (through)  craok  and  a  circular  crack  in  an  infinite  body.  ThiB  ratio 
is  2/lp  and  application  led  to  a  satisfactory  agreement  between  the  df/dn-K 
plots  for  the  small  corner  cracks  and  the  larger  edge  cracks  (see  fig. 9). 

The  consequence  of  the  above  agreement  is  that  this  crack  rate,  and  hence 
the  crack  life,  for  crack  growth  from  {  =  0.1  mm  onwards  can  be  predicted  if 
equation  (l)  has  been  empirically  determined.  Unfortunately  attempts  to  predict 
the  fatigue  life  of  the  notched  specimens  in  fig. 7  from  the  unnotched  specimen 
data  were  unsuccessful  (ref. 7).  It  was  thought  that  this  might  be  due  to  the 
affect  of  inclusions  on  crack  nucleation. 

(2)  The  effect  on  crack  propagation  of  testing  indoors  and  outdoors. 

The  different  behaviour  of  the  two  aluminium  alloyB  2024-T3  alclad  and 
7075-T6  clad  in  a  comparative  investigation  on  crack  growth  in  an  indoor  and 
in  an  outdoor  environment  has  been  reported  at  the  previous  meeting.  The  sheet 
specimens,  width  100  mm,  thickness  2  mm,  were  provided  with  five  small  central 
notches  spaced  about  230  mm  along  the  axis  of  the  speoimen.  The  tests  were 
conducted  in  two  tost  rigs,  one  located  indoors  and  the  other  one  outdoors 
(rural  environment,  about  85  km  from  the  salt  water  of  the  North  Sea).  The 
oraok  propagation  testa  were  run  concurrently  with  full  soale  fatigue  tests  on 
tension  skins  and  the  same  random  and  programmed  load  sequences,  representing 
a  severe  gust  spectrum,  were  employed.  Tests  with  and  without  ground-to-air 
cycles  (OTAC)  were  performed.  The  frequencies  of  loading  were  in  the  order  of 
20  oyoles  per  minute.  For  more  details  on  he  specimens,  the  environment,  the 
test  set  up  eto.  the  reader  is  referred  to  refs  8  and  9? 
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A  summary  of  the  results  is  given  in  table  1.  The  data  in  the  last  oolumn 
of  this  table  show  only  small  differences  between  the  oraok  rates  in  the  2024 
alloy  tested  indoors  and  outdoors,  thus  indioating  almost  the  same  ff  '•‘gue 
oraok  propagation  in  both  environments.  However,  the  data  for  the  7075  material 
indicate  in  all  tests  a  significantly  faster  oraok  propagation  outdoors  than 
indoors.  An  aooeleration  of  the  crack  rate  due  to  the  "outdoor"  enrivonment 
should  be  considered  when  applying  oraok  propagation  data  of  7075  material  in¬ 
doors  for  an  estimation  of  the  crack  propagation  in  an  actual  aircraft.  This 
counts  the  more  because  the  rural  outdoor  environment  used  in  the  tests  oan 
not  be  considered  as  aggressive. 

(3)  The  effect  on  oraok  propagation  of  environment  and  loading  frequenoy. 

The  normal  environments  for  aircraft  are  air  and  water.  Depending  on  the 
temperature  and  the  relative  humidity  air  contains  small  quantities  of  water 
vapour  and  small  concentrations  of  impurities  like  SC^,  CO,,  etc.  The  aim  of 
the  first  investigation  of  the  NLR  on  the  effect  of  air  on  crack  propagation 
in  aluminium  alloys  was  to  determine  firstly  whether  air  has  an  effeot  and 
secondly  which  of  the  components  are  responsible  for  this  effect  (refs  10  and 
11).  The  oraok  growth  tests  were  made  on  2024-T3  alclad  specimens  with  a  high 
frequenoy  of  loading  (appr.  3600  o/min) .  The  results  showed  that  normal  air 
affects  the  crack  propagation  in  aluminium  alloys  and  that  the  dominant  factor 
is  not  the  concentration  of  oxygen  in  the  air  but  the  concentration  of  water 
vapour.  The  number  of  load  cyoles  for  the  same  extension  of  the  oraok  length 
in  wet  99,998  $  pure  argon  gas  was  almost  the  same  as  in  wet  pure  oxygen  or 
wet  air  but  significantly  shorter  than  in  pure  but  dry  oxygen. 

The  study  on  the  effect  of  environment  has  been  continued  by  three  series 
of  tests  (not  yet  published). 

(1)  Crack  propagation  tests  with  a  high  frequency  of  loading  on  7075~T6  clad 
specimens  were  carried  out  in  air  with  a  range  of  water  vapour  concentra¬ 
tions.  The  purpose  of  the  tests  was  to  see  whether  the  water  vapour  would 
have  the  same  effect  as  for  the  2024-alloy. 

(2)  Crack  propagation  tests  with  a  high  frequency  of  loading  on  2024-T3  alolad, 
specimens  were  also  conducted  with  liquid  water  or  a  water  displacing  oil 
ae  environment.  The  purpose  of  the  former  tests  was  to  observe  whether 
liquid  water  (rain)  would  have  a  different  effect  than  wet  air  of  100  $ 

R.H.  and  of  the  latter  whether  wetting  of  the  surfaoe  with  a  water  dis¬ 
placing  oil  would  increase  the  fatigue  life. 
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(3)  Crack  propagation  tests  on  2024-T3  alolad  specimens  in  wet  (100  %  R.H.) 

and  in  dry  (  20  p.p.m.  H^O  »  p.p.m.  =  parts  per  million)  air  with  different 

frequences  of  loading.  The  effect  of  the  environment  on  a  metal  is  time 
dependent.  In  a  fatigue  test  with  high  frequency  of  loading  the  time 
available  for  a  reaction  between  the  metal  and  the  environment  during  one 
cycle  is  shorter  than  in  tests  with  low  frequenoy  of  loading.  If  a  reac¬ 
tion  between  the  metal  and  the  environment  occurs  it  is  likely  that  the 
effect  of  the  environment  on  the  fatigue  crack  growth  will  be  frequency 
dependent . 


Some  results  of  the  tests  on  the  7C75“T6  clad  specimens  are  given  in  the 

fibres  10  and  11.  Fig.  10  gives  the  data  and  the  mean  S-N  curves  for  crack 

growth  from  a  cracklengtb  {  =  1.5  mm  until  £  =  25  mm  in  dry  and  in  wet  air  and. 

with  a  high  loading  frequency.  It  shows  that  the  scatter  in  fatigue  life  was 

small  and  that  the  fatigue  life  in  dry  air  was  significantly  longer  than  in 

wot  air.  The  ratio  between  the  two  fatigue  lives  increased  from  a  value  of 

about  three  at  the  high  stress  amplitude  of  7*5  kg/mm  to  a  value  of  about  ten 
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at  the  low  stress  amplitude  of  3  kg/mra  .  To  facilitate  a  comparison  of  these 
results  with  those  for  the  previously  tested  2024-T3  alclad  aluminium  alloy, 
the  mean  3-U  curves  for  crack  growth  in  the  latter  alloy  have  also  been  plot¬ 
ted  in  fig. 10.  Comparison  at  the  same  stress  level  and  the  same  environment 
shows  that  the  crack  growth  in  the  7*075  material  was  notioeably  faster  but 
that  the  two  aluminium  alloys  showed  a  similar  behaviour  with  respect  to  the 
effect  of  water  vapour. 

Fig. 11  gives  the  data  and  the  mean  curve  of  the  fatigue  life  for  crack 

growth  from  {  ~  1.5  mm  to  {  =  25  mm  versus  the  concentration  of  the  water 
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vapour  in  the  air  for  a  stress  amplitude  of  3  kg/mra  .  The  data  show  that  like 
with  the  2024  alloy  (see  refs  10  and  11)  there  is  a  transition  range  where 
small  changes  in  the  concentration  of  the  water  vapour  have  a  rather  large 
effect  on  the  fatigue  growth.  Outside  this  range  the  effect  of  the  concentra¬ 
tion  of  the  water  vapour  is  only  slight.  The  oritioal  range  of  the  concentra¬ 
tion  of  the  water  vapour  (appr.  200-20  p.p.m.  =  R.H.  0.5  -  0.05  /£)  lies  far 
below  the  normal  relative  humidity  of  air  which  varies  approximately  between 
30  and  100 

Tho  next  figure,  number  12,  roproduoeB  data  for  crack  growth  of  2024-T3' 
alclad  specimens  immersed  in  distilled  water  or  wetted  with  a  water  displacing 
low  viscosity  oil.  A  comparison  of  these  data  with  the  mean  S-N  curve  for 
crack  growth  in  wet  air  which  has  also  been  r  produced  in  the  figure  shows  thet: 
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(1)  the  rate  of  crack  growth  in  liquid  water  was  only  slightly  faster  than  in 
wet  air. 

(2)  wetting  of  the  metal  with  the  water  displacing  oil  had  an  unfavourable 
rather  than  a  favourable  effect  on  the  crack  growth. 

The " importance  of  the  loading  frequency  for  the  water  vapour  effect  on 
the  crack  growth  is  illustrated  by  figures  13  and  14.  The  first  figure  shows 
a  small  effect  of  the  humidity  on  the  growth  rate  at  the  low  frequency 
(30  c.ycles/min)  and  a  much  larger  effect  at  the  high  frequency  (3600  cycles/min), 
the  ratio  between  the  fatigue  lives  in  dry  and  in  wet  air  being  only  appr.  1.3 
in  the  first  case  but  4.6  in  the  second  oase.  Fatigue  loads  on  airoraft  struct¬ 
ures  in  service  generally  have  a  relatively  low  frequency  and  moreover  varia¬ 
tions  of  the  concentration  of  the  water  vapour  in  normal  air  are  small.  Conse¬ 
quently  the  present  results  underline  that  in  respect  of  fatigue  life  of  air¬ 
craft  the  humidity  of  the  environment  air  is  not  very  important. 

Fig. 14  indicates  '  that  the  crack  growth  of  2024~T3  alclad  in  dry  air  iB 
much  more  affected  by  the  frequency  of  loading  than  in  wet  air.  An  increase  of 
the  frequency  of  loading  from  3C  cycles/min  to  3600  cycles/min  in  wet  air  in¬ 
creased  the  mean  number  of  cycles  for  crack  growth  from  1,5  to  25  mm  from 
28  k.c.  to  p0  k.c.  (i.o.  with  a  factor  of  1.8)  and  in  dry  air  from  42  k.c.  to 
210  k.c.  (i.J.  with  the  much  higher  factor  5*7)«  >fith  regard  to  practical 
application  of  laboratory  data  it  is  a  fortunate  result  that  the  frequency 
effect  is  not  large  at  the  humidity  that  is  normal  for  a  laboratory. 

In  fig. 14  the  plotted  test  data  for  dry  air  further  show  that  on  double 
logarithmic  paper  the  relation  between  fatigue  life 'and  frequency  of  loading 
is  gather  well  represented  by  a  straight  line.  The  same  will  probably  be  valid 
for  tests  in  wet  air. 

Tho  above  results  suggest  that  the  factors  humidity  of  the  air  and  fre¬ 
quency  of  loading  interact  and  have  to  be  considered  jointly.  It  would  be  con¬ 
venient  to  have  a  parameter  with  both  factors  in  order  to  obtain,  a  master 
curve  for  the  crack  growth  of  2024-T3  alclad  "accounting  for  different  values 
of  humidity  of  the  air  and  frequency  of  loading.  Simple  parameters  as 

water  concentration  of  the  air(p,p.m.)  log  water  concentration  of  the  air 

frequency  of  loading  (c/min)  or  log  frequency  of  loading  ” 

did  not  meet  with  success.  This  was  particularly  so  with  regard  to  the  S-Bhape 

of  the  curve  in  fig. 13  giving  the  relation  between  the  humidity  of  the  air  and 

the  fatigue  life  with  a  high  frequency  of  loading.  An  S-shape  of  this  ourve 

has  been  assumed  in  view  of  the  test  results  obtained  at  the  lower  stress  am- 
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plitude  S  =  4  kg/mm  (refs  10  or  11).  It  iB  not  certain  whether  the  S-sh’  J 

*  p 

will  he  applicable  at  S&  «=  6.5  kg/mm  .  This  will  be  verified  in  the  near  future. 

From  a  fundamental  point  of  vievr  a  rather  complicated  relation  between  the 
two  factors  humidity  of  the  air  and  frequency  of  loading  does  not  seen  unlikely, 
if  crack  growth  is  considered  as  conversion  of  cyclic  slip  into  crack  extension, 
in  interaction  with  an  oxyde  film  with  properties  depending  on  the  time  per 
cycle  and  the  humidity  of  the  air.  A  theory  on  the  effect  of  frequency  and 
environment  needs  knowledge  of  the  oxydation  at  room  temperature  of  aluminium 
and  aluminium  alloys  in  air  of  different  humidities  in  the  relatively  short 
time  of  a  fatigue  cycle  (0.01  -  10  sec)  and  knowledge  of  the  interaction  of 
this  oxyde  film  with  the  above  mentioned  conversion  of  cyclic  slip  into  crack 
extension.  However,  information  on  these  subjects  is  scarce  and  continued  re¬ 
search  will  bo  necessary  to  arrive  at  an  acceptable  explanation  of  the  effect 
on  crack  growth  of  the  two  factors,  frequenoy  of  loading  and  humidity  of  the 
air. 


(-,)  Crack  propagation  rates  in  202'j-T3  alclad  shoot  from  different  manufac¬ 
turers. 

The  crack  growth  tests  on  2024-T3  alclad  sheet  material  from  seven  differ¬ 
ent  manufacturers  on  specimens  with  the  load  parallel  to  the  rolling  direction 
of  tho  sheet  have  been  continued  with  programme  fatigue  tests  with  a  low  fre¬ 
quency  of  loading,  appr.  10  c/inin,  on  the  same  type  of  specimen.  Secondly  con¬ 
stant  load  amplitude  tests  were  carried  out  with  a  high  frequency  of  loading, 
appr.  3000  c/mi n,  on  specimens wi th  the  load  perpendicular  to  tho  rolling  direc¬ 
tion  (ref. 12). 

The  material  quality  rating  depended  on  the  type  of  test.  The  ratios 
between  the  fatigue  liveB  for  the  most  superior  of  the  soven  materials  and  the 
most  inferior  material  were  in  the  order  of  2jl  for  the  constant  amplitude 
tests  and  in  the  order  of  1.5*1  for  the  programme  tests. 

The  crack  propagation  life  for  the  sheet  specimens  loaded  transverse  to 
the  grain  direction  was  on  tho  average  about  30  $  shorter  than  the  life  of 
spociraons  loaded  parallel  to  the  rolling  direction.  The  directionality  effect 
was  hardly  affected  by  the  Btress  amplitude,  the  crack  length  and  the  manufac¬ 
ture  of  the  material. 

As  for  materials  from  two  manufacturers  crack  growth  tests  have  been  made 
on  sheets  from  two  different  batches.  The  toot  data  indicate  ratios  between 
the  craok  propagation  lives  for  the  two  batohes  in  the  order  ot  1.5*1.  This 


batoh  effeot  appeared  to  be  correlated  with  the  ductility  of  the  alloy  (see 

fig. 15). 

In  general  the  correlation  between  the  oraok  propagation  rates  and  the 
duotility  of  the  materials  appeared  to  be  rather  oomplioated.  Although  a  low 
ductility  is  unfavourable  for  oraok  propagation,  materials  with  the  same  duc¬ 
tility  (as  determined  in  a  tensile  test)  oan  still  give  noticeably  different 
oraok  growth  rates.  It  is  thought  that  this  is  probably  associated  with  differ¬ 
ences  in  the  heat  treatment  of  the  alloy  regarding  solution  heating,  quenohing 
and  flattening  before  ageing.  Also  the  presence  of  minor  quantities  of  certain 
elements  may  be  important. 

There  was  no  apparent  correlation  between  the  crack  propagation  rates  and 
the  grain  size,  the  thickness  of  the  cladding  layer  or  the  electrical  conduc¬ 
tivity.  Fraotographic  observations  suggest  that  inclusions  had  little  effeot 
on  the  propagation  that  occurs  according  to  the  tensile  mode  of  fracture.  In¬ 
clusions  are  believed  to  be  important  for  fast  fatigue  crack  propagation  and 
residual  strength  (see  also  section  7). 


1  Residual  etatlo  strength  of  aluminium  alloy  specimens. 

Apart  from  information  on  the  fatigue  crack  propagation  properties  the 
fail  safe  design  philosophy  requires  knowledge  on  the  effeot  of  oracks  on  the 
residual  static  strength.  Supplementary  to  the  craok  growth  tests  discussed  in 
the  preceding  section  systematic  investigations  have  been  carried  out  at  the 
NLR  to  study  the  various  faotors  which  affect  the  residual  strength  of  cracked 
sheet.  A  summary  will  be  given  of  the  data  on  the  effects  of  the  following 
parameters!  width  and  thickness  of  the  sheet,  loading  rate  and  manufacture. 

(l)  Manufacture .  Five  out  of  seven  2024-T3  alclad  sheet  materials  of  differ¬ 
ent  manufactures  whioh  have  been  used  to  determine  the  effect  of  manufacture 
on  fatigue  crack  propagation  (see  section  5)  have  been  compared  in  residual 
strength  tests  (ref. 13). 

Small  but  systematic  differences  between  the  residual  strength  properties 
of  the  five  materials  were  found.  The  difference  in  residual  strength  between 
the  beet  and  the  worst  material  was  in  the  order  of  10  Comparison  of  the 
residual  strength  and  the  fatigue  craok  propagation  properties  of  the  five 
materials  showed  that  high  residual  strength  did  not  correlate  with  good  fa¬ 
tigue  craok  propagation  properties.  It  indicates  that  static  crack  propagation 
and  fatigue  oraok  propagation  are  probably  governed  by  different  factors. 
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A  weak  correlation  was  found  with  the  number  of  inclusions.  A  small  num¬ 
ber  of  inolusions  resulted  in  a  high  residual  strength.  Especially  the  number 
of  manganese  containing  constituents  appeared  to  be  important.  The  lower  this 
number  the  higher  was  the  residual  strength.  It  correlated  with  the  fact  that 
the  most  inferior  material  contained  about  20  $  more  manganese  than  the  most 
superior  material. 

(2)  Rate  of  loading.  The  effoct  of  the  rate  of  loading  has  been  determined  on 
2024-T3  alclad  sheet  specimens  (thickness  2  mm)  with  a  central  transverse  saw 
cut  (ref. 14).  The  duration  of  the  tests  ranged  from  about  0.4  see.  to  30  min. 
It  turned  out  that  the  stress  to  initiate  alow  crack  growth  decreased  slightly 
at  increasing  testing  speed.  In  the  range  of  loading  rates  investigated  the 
residual  strength  of  the  specimens  was  not  affected  by  the  testing  speed. 

Since  the  extreme  loading  rates  in  civil  airoraft  are  between  the  limits 
applied  in  the  investigation  these  results  support  the  opinion  that  results  of 
normal  residual  strength  tests  on  aluminium  alloys  arc  of  general  applicabili¬ 
ty  in  airoraft  design. 

(3)  rt'idth.  Residual  strength  tests  on  the  effect  of  the  width  of  the  Bpeoimen 
have  been  carried  out  both  on  clad  2024— T3  and  7075-T6  sheet  material  of  2  mm 
thickness  (ref.15).  Geometrically  .similar  specimens  were  used  having  widths  of 
150,  300  and  600  usra.  The  specimens  had  a  central  transverse  slit  made  by  means 
of  a  jeweller's  fret  saw.  The  test  data  indicated  that  for  the  same  relative 
crack  length  (same  ratio  between  crack  length  and  sheet  width)  a  wide  sheet 
has  a  lower  gross  fracture  stress  than  a  narrow  sheet.  However,  for  the  same 
absolute  craok  length  the  wide  sheet  fractured  at  higher  stress.  For  the  2024- 
matorial  this  trend  is  illustrated  in  the  figures  16  and  17  by  the  reversed 
sequence  of  the  curves  giving  the  fracture  stress  CTc  of  the  three  types  of 
specimens  as  a  function  of  the  initial  crack  length  t  in  absolute  and  rela¬ 
tive  unite  respectively. 

Using  an  energy  criterion  for  fracture  Broek  showed  in  ref.15  that  for  an 

infinite  sheet  the  relation  between  the  fracture  stress  G”  and  the  initial 

c 

crack  length  {  is  given  by 

CT  {  „  constant  (2) 

co  N  ' 

where  a  is  a  constant  which  has  a  higher  value  for  a  more  ductile  material. 

The  test  data  showed  that  this  relation  was  also  met  for  small  oracks  in  wide 

lQ 

sheets  (—  <  0.2).  This  means  that  this  relation  can  be  used  in  most  cases 
where  airoraft  sheet  structures  are  concerned.  The  equation  is  not  valid  if 
the  stresses  are  so  high  that  general  yielding  ooours. 
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I  .  (4)  Thickness.  The  effect  of  the  sheet  thickness  has  "been 

M  investigated  for  2024-T4  and  2014-T4  for  sheet  thicknesses 

yy  ranging  from  0.5  to  20  mm.  The  fracture  stress  as  a  funo- 

\  SLPlMT  tion  of  sheet  thickness  had  a  maximum  (see  fig.18). 

j  Closely  related  to  this  phenomenon  was  the  mode  of  fracture. 

Specimens  thinner  than  the  optimum  thickness  had  slant 

fractures,  whereas  thicker  specimens  had  flat  tensile  mode 

fracture  at  the  centre  and  shear  lipe  at  the  edges. 

*  I  The  residual  strength  and  the  fracture  node  are  related  to 

TEN5JLE 

the  state  of  stress  at  the  crack  tip  during  the  test. 

_ 

X  L/P  Break's  explanation  of  the  fracture  mode  transition  in 
|  ref. 16  io  baaed  on  the  observation  that  crack  growth  in 

'  static  testa  is  the  oonsequence  of  initiation,  growth  and 

coalescence  of  microvoids j  a  conception  of  crack  growth 
based  on  electronmicroscopical  study  of  fracture  surfaces. 
The  initiation  and  growth  of  the  miorovoids  is  governed  principally  by  the 
shear  stresses  at  the  crack  tip,  the  coaleBoence  of  the  microvoids  by  the  ten¬ 
sile  stresses.  The  planes  of  maximum  shear  stress  will  have  the  greatest  micro- 
void  concentration.  These  planes  of  maximum  shear  stress  have  different  orien¬ 
tations  in  the  case  of  plane  stress  (thin  sheet)  and  in  the  case  of  plane 
strain  (rof.l8).  This  can  explain  the  different  fracture  modes  in  thin  sheets 
and  thick  plates. 

Reference  is  made  to  the  afore  mentioned  publication  of  Broek  for  details 
of  a  tentative  explanation  of  the  maximum  of  the  residual  strength  in  fig.18. 


8  Some  remarks  on  future  research. 

Although  some  of  the  investigations  reviewed  in  the  preceding  sections 
were  of  special  interest  with  respect  to  the  development  of  the  Fokker  F-28 
Fellowship  aircraft  the  greater  part  was  concerned  with  subjects  of  general 
technical  interest.  The  latter  were  designed"  to  fill  up  gaps  in  data  on  fatigue 
properties  of  materials  and  structural  elements  and  to  increase  our  knowledge 
of  the  fatigue  phenomenon.  This  policy  will  be  continued. 


r 

The  list  of  subjects  to  be  studied  in  the  near  future  comprises 

(1)  The  fatigue  strength  of  joints.  Continuation  of  the  investigations  on  lugs 
riveted,  bolted  and  adhesive  bonded  joints* 

(2)  The  fatigue  properties  of  modern  materials  that  are  used  in  the  aircraft 
industry  or  may  be  so  in  future. 

(3)  The  fatigue  phenomenon.  Continuation  of  investigations  on  crack  growth. 
Fractographic  investigations  etc. 

(4)  The  effect  of  fatigue  cracks  on  static  strength  properties.  Extension  of 
the  residual  strength  tests  to  panels  built  up  from  sheet  and  stringers. 

(5)  Interaction  of  fatigue  with  other  phenomena  e.g.  oreep. 

(6)  The  effect  on  the  fatigue  strength  of  thermal,  mechanical  and  other  treat¬ 
ments  of  the  metal,  e.g.  anodizing. 

A  large  part  of  our  efforts  in  the  near  future  will  ooncern  ad  hoc  testa 
and  the  full  scale  fatigue  testing  of  the  wing  of  the  Fokker  F-28  Fellowship 
aircraft.  This  testing, which  will  be  carried  out  in  close  co-operation  between 
the  manufacturer  and  the  NLR,will  be  a  simulation  of  actual  flights,  aB 
Mr.  Van  Beek  will  discuss  in  his  Symposium  paper. 
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NUMBER  Or  CYCLES 

Fig.  2.  Mean  S-N  curves  of  riveted,  EC  2216  adhesive  bonded  and  riveted  EC  2216  adhesive 
bonded  specimens. 

Unaged  condition. 
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10  S-N  curves  of  7075  -  T6  clod  for  crock  growth  from  1.5  to  25  mm  in  dry 
and  wet  air.  Frequency  351  0  c/minufe. 


Fig.  13.  Crock  growth  in  2024  -T3  olclod  versus  water  content  Fig.  14  Crack  growth  in  2024  -T3  alclad  versus  frequency  of 

of  air  low-and  with  high  frequency  of  loading.  loading  for  tests  in  wet  and  in  dry  air. 
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1.  Gust  Investigation 

The  somewhat  sophisticated  measuring  installation  in  our 
VENOM  test  aircraft  had  been  reduced  to  an  extent  which 
renders  the  evaluation  easier.  Due  to  the  results  from  the 
fully  equipped  aircraft  a  reduction  was  possible  without 
loss  of  needed  information. 

Some  more  flights  in  very  gusty  weather  for  the  investi¬ 
gation  of  gust  velocities  and  of  aircraft  response  over  the 
wing  span  were  made  [l]. 

The  calculation  of  AC-stress-relations  to  recorded  gust- 
spectra  was  prepared.  The  corresponding  computer  program- 
mata  are  actually  worked  out. 

Fig.  1  represents  such  an  investigation  of  a  recent  test 
flight . 

At  another  test  flight  a  MIRAGE  III  S  A.C.  recorded  heavy 
clear  air  gusts: 

Date  :  9.11.66;  Time:  1452  to  1525 

Altitude  :  12 '000  m/M  (40* 000  ft) 

AC-speed  :  Ma  1,84 

Calculated  vertical  gust  velocities: 

-11  m/sec  to  +8  m/sec 
(=  -36  to  +26  f .p. s. ) 

The  process  of  the  recorded  rotational  speeds  round  the 
three  AC-axes  points  to  an  asymmetric  transverse  gust, 
the  main  portion  of  which  was  not  the  vertical  component  ! 

Data  like  this  are  important  not  only  for  fatigue,  but 
also  for  limit  load  considerations  on  passenger  aircraft 
as  CONCORDE  or  SST. 
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2.  Statistics  of  Fatigue  Loads 

All  fatigue  meters  and  accelerometers  mentioned  in  our 
previous  reviews  are  still  in  service.  There  are 

Fatigue  meters  of  the  RAE  type,  produced  by  MECHANISM  Ltd. 
type  M  1730  A:  In  3  DH-100  VAMPIRE  A.C. 

In  2  DH-112  VENOM 

type  M  1967:  In  3  PILATUS  P3 

In  6  A.S.  HUNTER  Mk.58 
In  all  MIRAGE  III  S 

PERAVIA  -  Accelerometers  with  trailing  pointer 

in  all  DH-100  VAMPIRE  A.C. 
in  all  DH-112  VENOM 
in  all  A.S.  HUNTER  Mk.58 
in  all  PILATUS  P3 
in  all  MIRAGE  III  S 

In  civil  transport  aircraft  of  Swiss  carriers  there  are 
still  neither  fatigue  meters  nor  other  such  recording 
instruments  installed. 


The  load  spectra  of  the  mentioned  military  AC,  calculated 
with  the  readings  and  records  on  the  1st  march  1967  are 
given  in  the  following  Table  1: 
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Table  1 

Number  of  C.G. -accelerations  n  x  g  equalled  or  exceeded 
perlCOO  hour’s: 


+10,5 


+10,0 


+  9,0 


+  8,5 


+  8,0 


,6 


+  7,5 


+  7,0 


+  1,75 


+  0,25 


-  0,5 


-  1,0 


-  1,5 


-  5 


-  5,8 


-  4,0 


-  4,5 


-  5,0 


VAMPIRE  VENOM  HUNTER 

DH-100  DH-112  Mk.  58 


PILATUS  MIRAGE 
P3  III  S 


18,9 


375,9 


3386 


18416 


12,7 


483,2 


4352 


22079 


80,5  159,3 


13,3  28,8 


11247 

1042,7 

1786 

25960 

2668,9 

4238 

39377 

6599,4 

14389 

3478 

1384,6 

692,8 

124,2 

75,2 

54,2 

It  is  our  policy  to  provide  all  new  AC  of  some  importance, 
for  which  a  long  service  time  can  be  foreseen,  with 
fatigue  meters  right  from  their  first  flight.  Thus  their 
individual  fatigue  story  can  be  supervised  during  the 
whole  service  life. 

The  Swiss  Army  is  still  flying  some  40  C-3603  aircraft 
of  our  own  design,  built  during  the  war.  They  serve  as 
target  towing  AC  and  target  AC  for  Anti -Aircraft -Training. 
The  HISPANO-engines  are  by  now  expired,  whil  the  struc¬ 
ture  is  still  safe  for  at  least  1500  hours.  So  probably 
we  shall  install  in  these  aircraft  new  engines,  and  on 
this  occasion  we  shall  certainly  install  also  fatigue 
meters  too  as  a  very  long  service  time  must  be  considered. 

Continuous  records  are  moreover  running  in  one  VENOM  and 
in  one  MIRAGE  III  S.  Further  continuous  records  were  made 
in  a  FAIRY  GARNET  and  in  one  of  the  mentioned  C-3603  for 
the  establishment  of  this  target-mission's  spectra,  and  in 
a  PILATUS  PORTER  P6  for  the  establishment  of  the  ground 
load  story  of  these  light  STOL-Transport-Aircraft.  On  this 
you  will  be  informed  by  Mr.  Weibel's  lecture  [2], 

By  a  special  action  which  is  still  running  we  get  statistics 
of  side  loads  on  undercarriages  during  taxying. 


3.  Test  Facilities 


3.1  Our  full-scale  Fatigue  History  Simulator  is  still 
doing  his  work.  Visitors  of  our  Establishment  are 
always  impressed  by  the  genuine  sequence  of  the  loads, 
the  flight  by  flight  simulation  fcith  it's  representa¬ 
tion  and  especialy  by  the  realistic  simulation  of  the 
landing  impact  with  the  effect  of  the  wheel  spin  up 
force.  The  Simulator  has  up  to-day  simulated  more 
than  60*000  flights  with  more  than  5  Mo  quasicycles 
in  about  6  years  [3]. 

3.2  The  twin-chain  test  rig  for  36  test  rods  also  is  still 
running,  controlled  by  the  same  unit  as  the  History 
Simulator.  It  has  now  reached  a  running  time  of  about 
24 r 000  hours  representing  120  periods  each  consisting 
of  350  flights  [4]. 

3.3  The  well  known  AI>ISLER- Works  at  Schaffhausen  designed 
two  new  devices  as  a  complement  to  existing  standard 
test  machines.  The  so  called  '‘Function  Pulsator"  in¬ 
troduces  thus  a  pulsating  capability  of  0,5  dm3 

(0,1  gallon)  at  200  kp/cm2  (2850  psi)  up  to  120  cycles 
per  minute  with  different  program  shapes,  while  the 
so  called  "Hydro-Pacer"  applies  a  control  possibility 
for  slow  cycling  (max.  10  c.p.m.)  or  non  linear  pacing 
to  existing  static  test  machines  [3]. 

3.4  Another  Swiss  firm,  RUSSENBERGER  +  MUELLER,  also  at 
Schaffhausen,  specialists  in  vibration  testing  and 
testing  equipment  designed  a  new  small  high  speed 
fatigue  machine  for  single  amplitude  tests  for  loads 
up  to  500  kp  (1100  lb),  called  MICROTRON  657. 

It  works  on  the  resonance  principle  (50  -  200  Hz), 
is  electromagnetic  driven  and  an  electronic  closed 
loop  control  system  keeps  the  system  always  under 
it's  natural  frequency,  see  Fig.  2  [5]. 

For  S.T.M.  a  special  adaption  of  this  machine 
(Microtron  654)  was  designed  by  RU3SENBERGER  specially 

forfeirjgue  testing  of  jet  engine  rotor  blades  under 
reverse  bending.  / 
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The  blade  is  fixed  with  its  root  in  a  very  hard  sprin  j 
The  deflexion  of  the  latter  can  be  neglected  with  respect 
to  the  deflexion  of  the  blade  under  test.  Therefore, 
the  blade  vibrates  in«its  true  natural  frequency.  The 
excitation  of  the  blade  is  done  elect romagnetically  in 
connection  with  an  amplifier  and  a  feed  back  system. 
For  counting  the  number  of  cycles  an  electronic  two- 
decade-system  with  a  mechanical  preset  counter  has 
been  used.  To  stop  the  machine  if  a  crack  occurs  on 
the  blade,  two  amplitude  sensitive  relais  are  incor¬ 
porated  in  the  machine. 

For  measuring  the  amplitude  of  the  blade,  an  optical 
readout  system  is  adapted  to  the  machine,  which  gives 
a  quick  and  precise  reading  of  the  maximum  amplitude 
of  the  blade. 

Fig.  3  shows  the  complete  machine  with  the  mounting 
table,  the  fixation  for  the  blade,  the  optical  readout 
and  the  amplifier  with  the  different  control  units. 

Fig.  4  has  been  taken  on  a  vibrating  blade,  exposed 
over  several  cycles. 

For  maintaining  a  constant  amplitude  on  the  blade,  a 
special  automatic  control  system  is  incorporated  in 
the  electronic  circuit.  It  consists  of  a  proportional- 
integral  regulator  which  allows  to  maintain  the 
amplitude  as  good  as  +  1  fo  or  less,  even  over  long 
periods  of  time. 

3.5  In  the  last  years  we  developed,  designed  and  built  in 
our  works  a  new  fatigue  test  bed  which  works  on  a 
quite  different  principle.  It  is  the  so  called 
11  Six-Rod-Pat  lgue-Test-Bed"  Fig.  5  as  there  are  6  iden¬ 
tical  test  rods,  arranged  rotation-symmetrical  to  a 
main  axis  and  parallel  to  it  and  to  each  other. 
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Each  rod  gets  its  axial  loading  by  a  hydraulic  jack, 
but  all  6  jacks  are  controlled  by  the  same  and  only 
hydraulic  device  which  is  situated  in  the  centre  of 
the  machine,  so  that  all  6  jacks  are  loaded  by  exactly 
the  same  pressure  in  each  instant.  The  hydraulic  con¬ 
trol  device  is*  by  means  of  electro-hydraulib  valves, 
connected  to  an  electronic  control,  similar  to  that  of 
the  full-scale  History  Simulator.  As  that  one,  this 
facility  too  is  not  working  on  a  resonance  principle, 
but  with  distinct  hydraulic  pressures,  which  follow 
in  any  desired  sequence.  80  loads  can  be  chosen  out  off 
127  available  load  levels  to  form  a  loading  program. 

The  127  load  levels  are  separated  by  steps  of  equal  mag¬ 
nitude,  all  levels  are  thus  fixed  to  a  constant  ratio. 

The  basic  level  amount  can  be  set  at  will. 

It  is  evident  that  we  designed  this  test  facility 
to  be  able  to  run  history  loadings  simultaneously  on 
6  test  rods,  thus  getting  the  scatterband  in  one  run, 
eliminating  scatter  by  program-deviations.  It's  per¬ 
formance  is,  for  each  rod,  maximum  8  tons  axial  tension 
load,  same  for  compression  load  (this  one  evidentially 
limited  by  buckling)  at  a  speed  of  minimum  1,0  cycles 
per  Min.  up  to  a  maximum  of  5  cycles  per  second,  or  j 

500  cpm.  It  follows  that  the  same  history  program  can 
be  run  on  this  test  bed  as  on  the  History  Simulator, 
but  up  to  about  50  times  faster. 

The  length-limits  of  the  punched  tape  which  contains 
the  loading  program  are:  Minimum  1  1/2  feet  (180  orders), 
maximum  1000  feet  (120'000  orders).  Long  tapes  on  spool 
are  automatically  reset  after  it  has  passed  through. 

Each  rod  has  its  own  counter,  a  seventh  counter  counts 
the  tape  passings.  After  a  break  the  jack  of  the  broken 
test  rod  is  automatically  switched  off. 

To  enable  undisturbed  electronic  measurements  on  the  test1 
rods,  this  test  facility  is  also  situated  in  the  same 
big  Faraday  cage  as  the  Histbry  Simulator. 


/ 
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As  the  Fatigue  History  Simulator,  also  the  6-specimen 
fatigue  test  machine  is  running  fully  automatically, 
unmanned,  24  hours  a  day,  7  days  a  week. 

Any  failure  of  the  facility  stops  the  machine  automati¬ 
cally  and  a  signal  points  to  the  failed  group.  Even  at 
a  frequency  of  300  cpm  long  tapes  with  periods  of 
39*000  cycles  need  2  h.10  min.  plus  5  min.  for  the 
automatic  reset  of  the  tape.  Thus  about  10  periods 
per  day  are  run,  and  as  fatigue  history  tests  need 
mostly  about  100  periods  to  failure,  such  a  test-run 
of  6  specimen  takes  10  days  net. 

3.6  Another  test  facility  was  made  last  year  in  our 

research  department  by  a  new  control  and  a  modified 
piping  of  the  existing  high  altitude  test  bed  for 
engins:  The  high  altitude  test  chamber  is  thus  actually 
working  as  a  fatigue  test  bed  for  an  entire  (e.g.  full 
scale)  cockpit  of  a  jet  fighter.  Air  pressure,  air 
temperature  and  air  flow  are  simulated  in  their  flight 
by  flight  sequences. 
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4.  Test  Programmata 

The  full  VENOM  History  Program,  called  VENOM  Program  I, 
will  be  published  soon  in  a  special  report  [6],  see 
Annex  1  and  2. 

The  same  History  Program  but  tailored  for  the  6-speciraen 
test  bed  is  called  No.  II.  It  differs  from  No.  I  by 
-•  omitting  those  orders  which  are  specially  needed  for  run¬ 

ning  a  fatigue  test  of  a  whole  aircraft  only.  It  is  self- 
evident  for  our  philosophy,  that  the  genuine  sequence 
of  the  loads  is  strictly  observed,  as  well  as  the  same 
flight  by  flight  sequence  is  maintained  as  that  of  pro¬ 
gram  I.  Program  II  was  then  counted  by  the  different  met¬ 
hods  defined  by  Schijve  f  7 ] •  The  resulting  modified 
program,  in  which  the  genuine  load  sequence  is  still  fol¬ 
lowed,  is  called  VENOM  Program  III,  where  the  meancrossing 
peak  count  method  is  applied  to  the  air  loads  (mean 
equal  to  1  g  in  air) ;  Program  IV  same  as  II  but  the  ground 
loads  reduced  to  the  highest  peak  load  between  landing 
and  take-off,  Program  V  for  the  combination  of  TII  and  IV, 
Program  VI  for  the  mean-crossing  peak  count  method,  where 
the  mean  value  is  supposed  to  be  the  0  g-level.  In 
Number  VII  all  occurrences  of  No.  II  are  omitted,  which 
differ  only  0,5  g  (or  5%  of  the  design  ultimate  load) 
from  the  1,0  g-level  in  the  air  loads  and  only  0,3  g  from 
the  1,0  g-level  in  the  ground  loads.  No.  IX  is  similar 
to  VII,  but  only  the  small  deviations  of  the  air  loads 
are  omitted,  whilst  in  No.  X  the  same  was  done  for  the 
ground  loads  only. 

VII,  IX  and  X  were  made  without  considering  the  influence 
of  the  weight  history  (by  fuel  consumption),  whilst 
Program  XTV,  XV  and  XVI  do  consider  this  influence,  other¬ 
wise  beeing  the  same. 

All  these  programs,  schematic  represented  in  Fig.  6,  were 
made  for  investigation  purposes.  The  only  way  to  submit 
them  to  other  investigators  is  by  manufacturing  copies  of 
the  punched  tapes,  because  otherwise  the  genuine  load 
sequence  is  lost. 
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On  his  request  we  sent  last  year  such  a  copy  of  the 
8-hole  punched  tape  of  program  No.  1  to  Dr.  Gassner, 
and  during  this  winter  his  specialist  for  test  beds  came 
over  to  our  works  for  making  another  copy  on  an  analog 
magnetic  tape. 

The  same  ways  are  obviously  oper.  to  all  ICAF-delegates. 

We  think  that  the  digital  control,  e.g.  by  punched  type, 
is  much  more  versatile.  For  instance,  by  modifying  the 
key  to  the  eight-hole  code  you  are  able  to  alter  the  ratio 
between  air  loads, and  ground  loads,  or  the  ratio  between 
the  different  fuel  weights. 

The  basic  key  to  all  VENOM  programs  is  given  in  the  follo¬ 
wing  table  2: 


Table  2 


Case 

c.g.- 

accelera¬ 
tion  n*g 

fia 

a 

Load 

Air 

+6,5 

A4 

+6,0 

B4 

■ig;*  ml 

C3 

D4 

D3 

+4>5 

£4 

E3 

F2 

Tension 

+4,0 

n 

F3 

+3,5 

04 

03 

G2 

+3,0 

H4 

H3 

H2 

+2,5 

J4 

J3 

J2 

J1 

+2,0 

K5 

K4 

K3 

K2 

KL 

+1,5 

L5 

14 

L3 

L2 

LI 

+1,0 

M5 

M4 

M3 

M2  ' 

Ml 

+0,5 

N5 

N4 

N3 

N2 

N1 

+0 

-o . 

00 

00 

00 

00 

00 

,  -0,5 

04 

03 

-1,0 

84 

-1,5 

S4 

Ground 

0,4 

T5 

.  T4 

T3 

T2 

T1 

0,7 

U5 

U4 

U3 

U2 

U1 

■ 

1,0 

V5 

V4 

V3 

V2 

VI 

1,3 

W5 

W4 

V3 

W2 

W1 

Compression 

1,6 

X5 

X4 

X3 

X2 

XI 

1,9 

73 

Y2 

Y1 

2,2 

Z3 

Z2 

Z1 
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The  r-jtios  between  air  and  ground  loads  on  one  hand,  and 
between  the  different  fuel  weights  on  the  other  hand  are 
easy  to  calculate  for  all  parts  of  a  given  aircraft. 

Fig.  7  represents  these  data  for  the  wing  of  the  VENOM  AC. 
tilth  these  data  the  actual  figures  for  the  Code-Key  to 
test  a  distinct  part  can  be  calculated.  Table  3  gives  these 
figures  for  stat.  B  of  Fig.  7.  in  relation  to  the  "  1  g  air 
case  at  full  fuel  weight",  coded  M5  in  table  2,  which 
figure  is  reduced  to  100  $ j 


Table  3 


Case 

c.g.- 
accelera- 
tion  n«g 

5/5 

4/5 

Fuel  V 
3/5 

eight 

2/5 

l/5 

Load 

Air 

+6,5 

697 

+6,0 

644 

597 

536 

543 

+4,5 

483 

489 

+4,0 

429 

434 

442 

+3,5 

375 

380 

387 

Tension 

+3,0 

322 

326 

332 

+2,5 

268 

272 

277 

281 

+2,0 

+200 

215 

217 

221 

225 

+1,5 

+150 

161 

163 

166 

169 

+1,0 

+100 

107 

109 

111 

113 

+0,5 

+  50 

54 

54 

55 

56 

0 

■a 

B 

m 

0 

1 

-  50 

-54 

-54 

$p~l| 

-56 

I 

-100 

-107 

-109 

-113 

-150 

-161 

-163 

-166 

-169 

Ground 

0,4 

-  53 

-  32 

-  18 

-  17 

-  15 

0,7 

-  93 

-  56 

-  32 

-  31 

-  26 

1,0 

-132 

-79 

-  46 

-  44 

-  38 

1,3 

-172 

-103 

-  59 

-  57 

-  49 

Compressicc 

1,6 

-212 

-127 

-  73 

-  70 

-  60 

1,9 

-  87 

-  83 

-  72 

2,2 

-101 

-  96 

-  83 
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Thus  the  same  tape  can  be  used  to  investigate  nearly  all 
parts  of  an  aircraft  by  history  loading.  The  only  thing 
you  need,  beside  the  tape,  is  the  electronic  reading  unit, 
which  can  be  bought  from  special  firms  for  about  3000  dollars 
(for  instance  from  INFRANOR,  Genfeve). 

Further  programs  we  made  are: 

No.  VIII,  a  single  amplitude  cycling  program,  the  ratio  R 
between  the  lower  and  the  upper  peak  load  beeing  free  to 
choose  ahd  No.  XI,  a  blocked  program  consisting  of  two  blocks, 
each  with  50  cycles. 

More  on  ground  loading  programs  you  shall  find  in 
Mr.  Weibel's  lecture  [2]. 

For  terminology  see  Annex  4.  All  history  program-tapes 
(I  to  VII,  IX,  X,  XIV,  a.s.o.)  contain  one  period  q. 

In  annex  3  we  try  to  represent  five  periods  of  all  ground 
loads  of  VENOM  program  I  (1000  hours,  or  1750  flights  resp.) 
by  a  diagram  which  originates  from  the  range-mean  count 
method  [7].  It  proves  that  this  presentation  is  more 
significant  than  was  Fig.  7  in  [4],  resp.  Fig.  8  in 
ICAF  Doc.  285.  The  same  is  possible  for  the  air  loads,  but 
that  needs  chromolithography.  In  this  presentation  only  the 
sequence  of  the  loads  is  lost. 
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5.  Damage  Detection 

5.1  The  crack  detector  which  waa  developed  at  Emmen  (Pig.  8) 

5  years  ago  [4]  (8]  seems  to  be  really  a  damage  indicator. 

As  a  sample  you  see  in  Pig.  9  the  fatigue  damage  story  of 
specimen  No.  D  75  recorded  by  the  crack  detector,  or  better 
called  damage  indicator.  Data  of  this  test: 

Test  bed:  6-rod  fatigue  test  bed  Type  F+W 

Loading  program:  No.  VIII/100,  e.g.  single  amplitude 
loading  with  same  Limit  Loads  as  Program  No.  1; 

Upper  Load  =  +5265  kp  (=  52$  of  design  ultimate  load) 

Lower  Load  =  -1600  kp  (=  15,8$  of  design  ultimate  load) 

R  a  -0,3 

Loading  frequency:  3# 5  cycles  per  second  (10  times  slower 
for  the  reproduction  from  the  magnetic  tape  to  the 
Plotter) 

Test  rod:  Pig.  24;  Mat.  Specification:  Table  6 
Break  at  3247  cycles 

First  crack  (visible  by  microscope)  at  about  1250  cycles 

o  j  ,  ,  .  ,  .  (e.g.  38,5$  of  Life  time) 

Second  crack  at  about  2750  cycles. 

The  abscisse  of  the  record  represents  to  the  right  the  time 
or  number  of  cycles;  the  ordinate  represents  upward  the 
electric  reistance,  or  downward  the  conductivity  of  the 
surface  in  the  hole  of  the  rod. 

The  conductivity  is  obviously  influenced  by  the  strain  in 
the  hole  which  itself  is  produced  by  the  external  load  for¬ 
ced  upon  the  test  rod  (+5265  kp  is  on  the  upper  limit, 
l’600  kp  on  the  lower  limit):  It  is  decreased  by  tension, 
and  oscillates  with  the  load  amplitude.  But  a  second  pheno- 
men  has  recorded  its  vestige  in  this  representation. 

Dr.  Maria  Ronay  of  the  Columbia  University  interprets  it  as 
follows:  "  Apart  from  this  strain  indicating  feature  the 
diagram  consists  of  two  distinct  parts.  In  the  first  part 
the  original  conductivity  decreases  from  the  first  cycle 
on,  the  rate  of  decrease  being  the  largest  at  the  beginning, 
getting  smaller  in  the  course  of  cycling,  reaching  a  steady 
rate  of  decrease,  similarly  to  fatigue  hardening  curves. 

The  appearance  of  the  first  urack  marks  the  beginning  of 
the  second  part  of  the  diagram  where  the  decrease  of  con- 
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ductivity  due  to  the  increase  in  length  and  widening 
of  the  crack  is  of  an  exponential  nature." 

It  seems  that  the  damage  indicator  may  become  a  tool  in 
investigation  and  detection  of  pre-cracking  damage  too. 

If  decrease  of  conductivity  can  be  equalled  with  some 
kind  of  damage,  according  to  our  results  damage  starts 
from  the  first  cycle  on. 

Very  interesting  is  the  end  of  the  story  of  specimen 
No.  D  20,  told  in  Fig.  10.  Data  of  this  test: 

Test  bed:  Same  as  for  D  75. 

Loading  program:  No.  XI/100,  e.g.  twin-block-program, 

-  first  block  consisting  of  50  cycles  with  an  upper 
load  of  +5265  kp,  lower  load  =  0; 

-  second  block  consisting  of  50  cycles  with  an  upper 
load  of  0,  lower  load  of  -1600  kp. 

Loading  frequency  ( 

Test  rod  (  same  as  for  No.  D  75 

Mat.  Specification  ( 

Break  at  27242  cycles  (or  at  272,42  block  pair) 

Second  crack  at  the  first  cycle  (tension)  of  block-pair 
No.  243. 

Note:  The  difference  between  the  two  0-Load -Lines  on  the 
left  of  "2. crack"  are  due  to  a  very  small  first  crack,  but 
mainly  to  the  play  in  the  plotter-mechanism.  On  the  right 
of  "2. crack"  this  gap  is  easy  to  interprets  as  the  increa¬ 
sing  width  of  the  second  crack,  when  you  know,  that  the 
ordinate  from  the  base  line  is  the  meter  of  the  electric 
resistance.  During  the  compression  blocks  the  crack  is  clo¬ 
sed  by  the  load,  increasing  thus  the  conductivity.  Near  the 
end  of  the  life,  the  effect  of  compression  increases  due  to 
the  decreasing  stiffness  of  the  partially  cracked  specimen. 
Such  twin-block  programs  are  good  means  for  distinction 
of  disorder-damage  from  crack  damage. 

Beside  these  recordings  the  indicator  serves  as  a  very  ac¬ 
curate  prophet  of  the  moment  of  break.  Fig. 11  shows  a  dia¬ 
gram  recorded  4  cycles  before  vreak.  The  indicator  enabled 
us  to  make  even  moving  pictures  of  fatigue 
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breaking  without  consuming  too  many  miles  of  film.  / 

We  finally  arrived  to  take  movies  at  600  frames 
per  second  of  the  last  cycles  in  a  fatigue  test  run¬ 
ning  at  4  cycles  per  second. 

We  hope  to  improve  the  indicator  furthermore,  thus  a 
new  one  is  actually  beeing  built. 

5.2  Another  development  was  not  so  successful.  It  is  the 
automatic  electronic  inspection  of  test  specimen  by 
isolated  copper-loops  bonded  to  the  critical  surfaces 
of  the  specimen,  which  I  mentioned  in  Munich.  Further 
tests  proved  that  the  problem  is  not  at  all  solved. 
Neither  copper,  stainless  steel,  silver,  nor  thin 
bands  or  thin  wires  stood  the  tests  in  history  loadings 
Either  the  indicator  cracked  too  early  or  too  late. 

It  would  be  an  enormous  help  in  testing  and  in  aircraft 
servicing  when  an  automatic  inspection  system  was 
available.  Thus  I  would  like  to  call  all  members  to 
work  on  this  important  problem. 

Perhaps  the  system  developed  by  BOEING,  will  fill  the 
gap.  Unfortunately  we  have  not  got  details  yet. 

5.3  Another  method  for  detecting  cracks  in  the  inner  struc¬ 
ture  of  an  aircraft  would  be  inspection  by  x-ray. 

Up  to  the  last  ICAF-Conference  we  were  not  really  suc¬ 
cessful  in  x-raying  although  we  consulted  the  best 
specialists  available. 

Anyhow,  some  months  ago,  when  we  looked  for  a  damage 
in  a  wing  of  the  VENOM  test  -  in  a  case  where  we  were 
quiet  sure  that  there  was  a  damage  -  we  finally  tried 
to  x-ray  the  wing  when  it  was  loaded  by  a  positive  3  g 
airload.  That  was  the  solution:  On  the  developed  pic¬ 
tures  we  found  a  classic  fatigue  crack,  which,  by 
further  x-ray  pictures,  turned  out  to  have  a  length  of 
some  feet!  Since  that  discovery  more  than  100  aircraft 
were  x-rayed  on  which  we  applied  simultaneously  a 
positive  5  g  -  load  on  the  wings.  On  the  pictures  of 


four  of  these  aircraft,  beginning  fatigue  cracks  were 
detected.  Thus  the  wings  could  be  reinforced  before  a 
much  more  expensive  repair  was  necessary. 

5.4  The  evaluation  of  x-ray  pictures  is  very  difficult. 

Each  picture  has  to  be  carefully  inspected,  and  that 
independently  by  three  specialists.  Even  applying  a 
3  g  -  load,  beginning  fatigue  cracks  are  no  more  than 

i  . 

a  hair  half  an  inch  long  on  the  x-ray  picture. 

That's  the  reason  why  we  looked  for  an  improvement. 

After  a  sucessful  demonstration  by  PHILIPS  of  the  new 
x-ray-television-chain  developed  by  C.H.F,  MUELLER 
Hamburg,  we  were  allowed  to  buy  this  facility  which  we 
completed  with  a  convenient  adapter  and  a  Motor  car  to 
put  the  facility  in.  Fig.  12  shows  the  principle  of 
the  chain  (more-over  a  magnetic  tape  recorder  is  in¬ 
cluded),  which  produces  high  quality,  direct  visible, 

20  to  30  times  enlarged  pictures  (wires  of  0  25/<  can  be 
seen).  On  Fig.  13  are  the  x-ray  and  TV-Units  with  the 
adapter,  x-raying  a  VENOM  aircraft,  represented. 

At  the  mentioned  demonstration  on  the  History  Simulator 
we  were  able  to  see  and  to  get  probably  the  first  movies 
of  a  fatigue  crack  in  a  wing  under  increasing  and  de¬ 
creasing  loading.  It  was  a  rather  exciting  event  (Fig. 14) 

We  hope  this  facility  will  make  the  inspection  of  ser¬ 
vice  aircraft  easier,  as  the  adapter  can  be  moved 
during  the  inspection,  the  inspection  takes  place  in¬ 
stantaneously  and  we  dent  have  to  wait  for  the  developing 
of  the  pictures.  We  hope  it  will  be  possible  to  inspect 
by  this  device  a  fleet  of  fighters  regularly,  say  all 
500  or  300  hours  towards  the  end  of  their  life. 

To  prevent  illusions  it  has  to  be  mentioned  here,  that 
this  procedure  works  only  in  connection  with  a  full 
scale  history  fatigue  test,  because  otherwise  you  don't 
know  where  you  have  to  x-ray  the  aircraft.  It  is  only 
by  the  full  scale  test  that  you  learn  the  critical 


zones. 


6 .  Fatigue  Teats 

6.1  Full  Scale  Fatigue  Test  on  DH-112  VENOM  AC 

On  the  first  series  of  test,  which  brought  three  VENOM 
to  about  5000  flight  hours  each,  with  one  catastrophic 
failure  in  a  port  wing,  I  reported  at  the  Munich-Review 
This  series  began  on  the  25.7.62  and  ended  on  the 
7.5.65.  [8] 

The  second  series  began  on  the  14.10.65  and  ended  on 
the  22.7.66.  It  was  a  continuation  of  the  test  with 
three  of  the  remaining  five  wings  of  the  first  series. 
One  month  earlier,  when  both  wings  had  8540  hours,  the 
starbord  wing  switched  off.  The  investigation  was 
finally  sucessful,  thanks  to  the  x-ray  pictures  shot  yet 
under  no  loading.  This  wing  was  then  completly  disas¬ 
sembled,  or  better  to  say,  desintegrated,  to  enable 
a  careful  inspection  of  each  single  part,  as  this  wing 
had  stood  the  longest  test,  and  because  we  had  no 
confidence  in  other  methods  to  bring  to  light  really 
all  fatigue  cracks.  We  didn't  find  more,  but  the 
crack,  which  caused  the  stop  of  the  test  and  which 
was  detected  by  x-ray,  was  so  much  the  better,  see 
Fig.  15.  It  is  about  three  feet  long.  The  missing 
pieces  were  taken  for  material  tests.  This  part  is  the 
butt- joint-strap  of  the  outer  and  inner  bottom  skin 

between  the  main  spar  and  the  false  spar,  on  the  in- 

* 

side,  between  the  skin  and  rib  7.  On  both  sides  of 
this  rib  are  fuel  tanks.  Thus  it  is  not  possible  to 
see  the  crack  otherwise  than  by  x-ray. 

The  failed  wing  was  replaced  by  another  test-wing, 
which  had  at  this  time  4740  hours.  Already  10  hours 
later  it  stopped  the  test  too,  although  the  x-ray 
pictures  shot  before  hadn't  shown  any  crack.  But  now 
the  idea  to  x-ray  under  load  was  the  successful  venture 
It  was  from  this  wing  that  we  took  movies.  The  part 
was  not  yet  completly  broken,  there  were  several  cracks 
which  totalled  a  length  of  about  1  l/2  foot.  So  ended 
the  second  series.  ./. 


Now  we  reinforce  the  remaining  wings  at  all  zones 
which  had  important  fatigue  cracks  on  the  test  wingB. 
With  these  reinforced  wings  the  third  test  series  be¬ 
gan  on  the  21.12,66. 

The  first  of  these  tests  stopped  on  the  22.2.67,  due 
to  the  same  catastrophic  failure  as  mentioned  in  the 
first  series.  The  failing  port  wing  had  at  this  moment 
10*650  hours,  of  which  8550  hours  before  the  rein¬ 
forcement  , 

The  last  test  run,  with  the  only  remaining  wings, 
began  on  the  28th  of  April.  At  this,  time  the  port  wing 
had  5072  hours  (it  was  just  reinforced),  while  the 
starbord  wing  had  7152  hours,  of  which  5072  hours 
were  run  before  the  reinforcement.  The  test  shall  be 
run  up  to  failure. 


The  location  of  all  the  cracks  which  were  found  on  the 
whole  VENOM  test,  are  indicated  in  Pig.  16,  while 
Fig.  17  represents  the  reinforcements  made  before  the 
beginning  of  the  third  series.  These  same  are  now 
being  introduced  on  the  whole  fleet  of  service  aircraft. 


6 . 2  Endurance  Test  of  Oxygen-bottles 

Light  allov  bottles  filled  with  compressed  Oxygen-gas 
are  very  dangerous,  if  they  are  struck  by  a  gun  shot 
or  an  ack-ack  fragment,  because  they  explode  like  a 
bomb,  if  the  pressure  was  higher  than  about  40  kp/cm2 
(or  600  psi).  Thus  we  had  to  replace  these  bottles  on 
our  new  MIRAGE  fighters  by  special  designed  steel 
bottles.  In  type-testing  2  bottles  were  fatigue  tested 
up  to  failure. 

Data  of  the  test: 

-  Test  bed:  Facility  at  the  EMPA  for  bursting  tests, 
adapted  for  repeated  loading. 

-  Test  program:  Single  amplitude  cycling  by  water  pres¬ 
sure  ; 

upper  limit  =  138  kp/cm2  (1970  psi); 

lower  limit  =  0;  frequency  =  3  cycles  per  Minute. 

— . .  . . ■■ bm m tmm wmmm ui 
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-  Test  specimen:  Steel  bottle;  capacity  7.7  dm3 
(~1.7  UK  gallons  or  /-*  2  US  gallons); 

weight  11  kg;  diameter  0  145  mm  (shape  designed  for 
interchangeableness  with  the  light  alloy  bottle); 
wall  thickness  4  mm. 

-  Steel:  Weldable  Cr-Mo-V-alloy 

(C  0.1  -  0.16;  Or  1.25  -  1.5;  Mo  0.8  -  1.0;  V  0.2  -  0.3 ; 
Mn  0.8  -  1.1;  Simax  0.2;  Pmax  0.03;  Smax  0.03) 
strenght  after  welding:  100  kp/mm2 

-  Service  pressure  (specified)  =  125  kp/cm2 

-  Max.  service  pressure  by  temperature  increase  of  30°C 

(54°F)  =  138  kp/ cm2 


-  Proof  pressure  (specified)  = 

-  Burst  pressure  (specified)  = 

actual  burst  pressure  = 

-  Safe  life  (specified)  : 


187  kp/cm2 

312  kp/cm2 
400  kp/cm2 

3000  cycles 


In  the  fatigue  tests  one  bottle  failed  at  21 '000  cycles 
(fig.  18),  the  other  at  17'000  cycles  T9].  Thus  these 
bottles  are  admit  for  at  least  5000  cycles  (e.g.  5000  flights) 
although  the  stress  office  had  not  considered  fatigue 
in  designing  the  bottle.  Obviously  the  mentioned  steel 
is  very  suitable  for  the  purpose.  It  should  be  added  that 
the  replaced  light  alloy  bottle  had  a  weight  of  8  kp  and 
a  capacity  of  6.7  dm3. 
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6.3  Fatigue  tests  on  flexible  metallic  hoses 

On  the  ATAR- jet-engine  of  the  MIRAGE  fighter  (built  under 
Licence  in  Switzerland)  there  are  flexible  metallic  hoses 
designed  and  manufactured  by  the  firm  BOA  A.G.  at  Lucerne. 
As  there  are  different  designs  available,  fatigue  test  had 
to  be  made  with  the  purpose  of  finding  the  best  suited 
design. 

Test  data: 

-  Test  bed: 

Facilities  at  F+W  and  EMPA  for  hydraulic  tests,  adapted 
for  repeated  loading. 

-  Test  program: 

4 

Single  amplitude  cycling  by  Kerosene  pressure;  upper 
limit  =  70  kp/m2  (1000  psi);  lower  limit  =  0; 
frequency  =  51  cycles  per  minute. 

-  Test  specimen: 

Flexible  hose  fittet  with  connectors  (straight  and 
elbow);  length  400  mm  (16" ),  inner  diameter  0  16  mm  (5/8") 
different  designs  of  the  flexible  wall. 

-  Service  pressure:  70  kp/cm2 

Proof  pressure:  160  kp/cm2  (2280  psi) 

Burst  pressure:  Not  specified 

-  Fatigue-test  results:  Table  4. 
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Table  4 


Type 


Boa  Supra 


Boa  Parallel 


Boa  Duo 


Spring-tube 


Design 


rub 


Oil 


Mat. 

Spec, 


AISI  321 


AISI  321 


AISI  321 


AISI  304 


)f  test 
icimen 

N  cycles 
up  to  first 
leak 

Notes 

SI 

22100 

1) 

[14000' 

32 

26962 

1) 

14000 

S3 

13960 

1) 

'  14000' 

34 

16273 

1) 

‘  14000' 

L 

35 

16644 

1) 

1 14000' 

L 

36 

21008 

1) 

14000' 

L 

37 

5808 

2) 

38 

4680 

2) 

PI 

79162 

BIBB 

P2 

61800 

Eh 

iF  *TiT5 

P3 

58990 

i) 

P4 

45046 

i) 

2  88 

L 

P5 

47552 

i) 

2  88 

L 

P6 

60504 

2E 

L 

D1 

eb 

!R88 

D2 

ill 

2  ® 

D3 

74876 

l) 

2  88 

D4 

100624 

Efi 

2  ® 

L 

D5 

105820 

il 

2  88 

L 

D6 

53896 

i) 

L 

D7 

144400 

i) 

180001 

D8 

140400 

i) 

*  ^ 

D9 

92280 

i) 

2  88 

DIO 

97340 

i) 

2  2 

Dll 

78200 

i) 

2  2 

D12 

69600 

225 

PI 

158000 

no 

leak 

1) 

[14000 

F2 

50000 

1) 

‘14000’ 

F3 

138722 

1) 

14000 

P4 

114500 

1) 

.14000. 

L 

F5 

158000 

no 

leak 

1) 

r 14000' 

L 

F  6 

150000 

1) 

[14000] 

1)  first  14000  cycles  without  torsion, 

following  cycles  with  additional  torsion  load  on. 

2)  All  cycles  with  additional  torsion  load  on 
L  One  end  elbow-connector 


Fig.  19  shows  fatigue-cracks  at  their  beginning, 

200  times  enlarged,  of  a  Boa  Supra  and  a  Boa  Duo  flexible 
hose  [10]. 

6.4  Fatigue  tests  on  compressor  blades 

3ome  blades  of  each  production  lot  of  the  first  stage 
compressor  blades  of  a  jet  engine  have  to  be  tested  in  fatigue 
The  test  is  a  comparing  test,  it  doesn't  simulate  the 
service  conditions.  It  is  done  as  a  routine  test  on  the 
Microtron  654  test  bed  mentioned  earlier,  see  section  3.4. 

In  addition  to  this  requirement  this  fatigue  machine  was 
recently  used  by  EMPA  (on  order  of  STM)  to  compare  the 
influence  of  different  surface  treatments  of  these  blades 
on  their  fatigue  behaviour. 

The  tests  were  not  carried  out  up  to  failure  but  only  up 
to  the  moment  where  the  machine  switched  automatically  off 
due  to  a  certain  deviation  of  the  vibration-amplitude. 

This  was  the  case  about  10 '000  cycles  after  the  first 
fatigue  crack  startet,  what  can  be  heared  by  ear.  In  the 
following  table  5  the  figure  N  gives  the  number  of  cycles 
up  to  this  beginning  of  a  crack. 

The  blade  is  a  forging  which  needs  a  machining  operation  on 
the  aerofoil  as  well  as  on  the  root  section.  The  material 
is  an  austenitic  stainless  steel  of  the  following  composi¬ 
tion  (approximately) : 

Carbon  0,17  % 

Nickel  2 
Chromium  13 
Tungsten  3 

The  dimensions  of  the  blade  are:  About  200  mm  (8  inches) 
long  and  50  mm  (2  inches)  wide.  The  first  mod  flexion 
frequency  is  about  135  cycles/sec. 

The  surface  was  initially  smoothed  by  an  electropolishing 
process;  later  on  this  was  replaced  by  a  Bright  Shot  treat¬ 
ment  followed  by  applying  a  protective  layer  of  a  heat  treated 


The  full  amplitude  was  chosen  to  such  a  value, 
that  cracks  began  from  10^  to  10^  cycles.  The  stresses 
are  proportional  to  the  amplitude. 

Up  to  now  142  blades  of  12  different  treatments  were 

r 

tested.  In  table  5  only  the  mean  values  are  given  (in  10 
cycles). 

To  form  a  mean  value,  for  each  amplitude  level  only  that 
half  of  all  specimen  were  considered  which  cracked  the  first 

The  table  indicates  that: 

-  Brightshot  has  a  favourable  effect  (ref.  1  to  3  or  5) 

-  Brightshot  must  be  of  standard  quality  (ref.  2  to  3) 

-  Electropolishing  seems  not  to  be  favourable  (ref.  7  to  8) 

-  Varnish  coating  seems  to  be  unfavourable  (ref.  7  to  3). 

perhaps  due  to  the  coating  process,  but 

-  ref.  11  (to  7,  resp.  did  not  confirm  this  supposition) 

-  An  unsuited  remover  has  an  unfavourable  effect  (ref.  12) 

The  metallographic  investigation  did  not  indicate  that  the 
scatter  was  influenced  by  the  texture  (Pig.  20)  [ll]. 

But  an  interesting  crack  initiator  could  be  investigated 
at  a  routine  blade  test,  see  Pig.  21: 

21  a  represents  the  surface,  showing  a  corrosion  nest 
crossed  by  the  crack. 

21  b  and  21  c  are  showing  the  opened  crack,  with  the 
mentioned  corrosion  point  indicated.  It  is  0,1  mm  deep 
and  crosses  the  Brightshot  layer.  Cut  rectangularly,  not 
etched,  shows  20  d  (white  is  material,  the  cut  crack  surface 
is  on  the  right  bord  of  the  picture,  the  blade  surface  on 
the  upper  bord).  By  the  way,  this  blade  was  not  intended 
for  use. 

To  prevent  misunderstanding  it  must  be  mentioned  here, 
that  these  blades  are  fixed  in  a  floating  manner  on  the 
rotor,  thus  they  do  not  vibrate  in  service.  The  vibrating 
tests  described  are  comparing  quality  tests. 
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I 


Full  amplitude  in  on 
(at  the  top  of  the  blade) 


H 

4.01 

2 

4.41 

3 

4.42 

D 

4.08 

5 

4.02 

6 

4.03 

a 

4.07 

8 

4.92 

9 

4.91 

10 

4.05 

11 

4.10 

12 

4.06 

32  34  36  38  40 

i 


0.32  0.247  0.129 


0.379  0.149  0.192 


0,48?)  0,332 


0.170 


0.63  0.251 


2.808  0.194  0.154 


0.514  0.174  0.186 


0.100 


I  * 

4»  % 

%  g 

•H  © 

h  «  rH 
PP  \  O 


Surface  treatment 


Number  of  cycles  x  10°  up  to 
first  crack  (appearing  at  about 
40  mm  to  75  mm  from  the  root) 


1)  Varnish  removed  by  Turco  5061, 
and  blade  re-coated 

2)  Varnish  removed  by  another 
medium 

3)  One  of  two  specimens  only 


Fatigue  tests  on  c 


carried  out  on  Micro tron  654. 


Fatigue  test  on  a  Canopy 

On  a  high  altitude  flight  of  a  VENOM  AO  the  oockpit  canopy 
had  burst  without  any  sign  of  an  outer  cause.  Thus  fatigue 
was  supposed,  and  therefore  we  got  an  order  to  test  the 
canopy. 

In  the  first  test  we  pulsated  the  canopy,  which  is  put  on 
an  old  fuselage,  by  pressure  only.  Minimum  pressure  diffe¬ 
rence  0,  Maximum  pressure  difference  0,210  kp/cm2  (3  pai), 
e.g.  same  as  in  a  AC.  Pressure- was  given  by  air. 

To  minimize  the  burst  effect  the  cockpit  was  filled  with 
plastic  foam  blocks  up  to  about  90%, 

After  20' 000  cycles  of  this  single  amplitude  fatigue  test 
no  failure  occurred.  This  represents  20 '000  altitude  flights 
or  60' 000  flights  in  all.  Thus  we  decided  to  repeat  the 
test  but  including  the  other  main  parameter,  the  temperature 
change.  To  simulate  all  conditions  as  good  as  possible  the 
test  is  made  in  the  high  altitude  test  chamber  of  the 
research  department,  in  which  we  can  simulate  simultanously 
air  pressure  outside  the  cockpit 
air  temperature  outside  the  cockpit 
air  speed  outside  the  cockpit 
air  pressure  inside  the  cockpit 
air  temperature  inside  the  cockpit 

The  full  program  is  represented  on  Pig.  22.  The  ratio  of 
high  altitude  flights  to  low  altitude  flights  (  <  5000  m 
or  15*000  ft)  ist  about  1  :  3,  this  is  considered  in  the 
outlined  manner.  The  frequency  must  not  be  faster,  as 
otherwise  the  Skin-temperature  would  not  follow. 

Fig.  23  gives  an  idea  of  the  test  installation.  The  test  is 
still  running,  up  to  now  we  have  600  complete  periods 
without  failure.  >. 
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6.6  ICAF-Rod  fatigue  tests 

The  so  called  1CAF  -  test  rod,  which  we  mentioned  the  first 
time  in  Rome  [4]  is  represented  in  Fig.  24.  The  characteristic 
data  of  the  tested  materials  are  presented  in  the  following 


table  6 


Property 

Unit 

SNV-L  Spec. 
755.6 
(design) 

D  2,  D  11,  D  20 

(actual) 

VENOM 

Wing  spar  booms 
Group  2 
(actual) 

Tensile 

kp/mm2 

Min.  60 

60,8  to 

66,0  to 

strength 

p.s.i. 

85000 

67.1 

66.5 

t„3.i. 

58 

0.2  Yield 

kp/um2 

Min.  52 

54.6  to 

61.0  to 

strength 

p.s.i. 

74000 

62.3 

62.4 

i 

t.s.i. 

53 

• 

Composition 

Zn 

5,5  -  7,0 

6,30 

6.15 

Me 

2,0  -  5,0 

2,30 

.2.20 

Cu 

1,0  -  2,5 

1,60 

1.65 

Mn  . 

0,2  -  1,0 

0,30 

0.18 

1 

Cr 

0,1  -  0,4 

0,15 

0.15 

1 

Fe 

0,6 

0,20 

0.15 

Si 

0,6 

0,20 

0.15 

1 

Ti 

0,5 

0,05 

>0.05 

i 

A1 

rest 

rest 

rest 

W 

! 

Ultimate  Load 

kp 

10135 

12700 

12280 

lb 

(22300) 

(28000) 

(27000) 

- 

Limit  Load 

kp 

6757 

! 

of  test  rod 

lb 

(14900) 

i 

Corresponding  specifications:  USA  75  S,  UK  DTD  5074,  France  A-Z6  GU 

Germany  5.4564 


6.6.1  The  36  ICAF-testrods  on  the  twin-chain  test  rig 

mentioned  at  the  Rome-Conference  are  still  running, 
parallel  to  the  VENOM  test  on  the  History  Simulator, 
e.g.  with  VENOM  program  1/100.  They  had  fulfilled  in 
March  (1967)  120  periods  without  failure.  The  last 
findings  of  the  damage  indicator  (Fig.  8)  of  the 
involved  holes  are  indicated  in  table  7. 


Table  7 


Group 

Material 

Spec. 

No.  of 
all  holes 

Finding  at 
No.  of 
periods 

%  of  holes  with* 

almost  no 
damage 

evident 

damage 

visible 

crack 

90 

67 

. 

33 

’ 

0 

755.6 

12 

115 

33 

59 

8 

120 

25 

67 

8 

90 

43 

57 

1 

755.6 

14 

115 

29 

57 

14 

120 

22 

64 

14 

• 

90 

22 

78 

2 

755.6 

14 

115 

50 

50 

120 

50 

50 

90 

50 

50 

‘ 

3 

C  77  s 

12 

115 

33 

42 

25 

’ 

120 

8 

67 

25 

90 

12 

88 

4 

DTD  363 

8 

115 

88 

12 

120 

88 

12 

90 

42 

58 

5 

DTD  363 

12 

115 

33 

67 

120 

25 

75 

The  specimen  of  group  5  seem  to  have  the  longest  life,  while  in  group  2 
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6.6.2  The  new  6-specimen  fatigue  test  bed  began  its  work 
by  testing  different  unnotched  test  rods,  mainly  to 
enable  us  to  find  and  to  eliminate  the  weak  points 

t 

of  the  new  machine.  The  tests  itself  are  not  inte¬ 
resting  here  as  they  confirmed  solely  known  facts. 


For  the  testing  of  the  IGAF-test  rod  Fig.  24  on  the 
new  machine  a  comprehensive  plan  was  set  up  to  run 
the  history  programs  outlined  in  section  4  of  this 
review. 

In  all  VENOM  programs  one  period  represents 
350  flights  or  200  flying  hours.  The  highest  peak 
load  (tension)  occurs  once  in  one  period.  It  is 
coded  A4  in  table  2.  In  program  I  (see  paragraph 
6.6.1  before)  the  ICAF  -  rod  gets  a  load  of  +5265  kp 
(tension),  when  the  AC  is  loaded  to  its  design  limit 
load  on  the  History  Simulator.  Point  A4  is  used  as 
criterion  of  the  load  level  of  a  program  (all  other 
levels  being  always  proportional  to  it).  We  call  the 
level  at  the  limit  load  "100"  (?0,  thus  a  program 
is  called  1/100,  11/100.  a.s.o.  if  A4  is  getting 
+5265  kp.  ' 

3tation  B  of  Fig.  7  (which  is  represented  by  the 
ICAF-test  rod  on  the  twin-chain  test  rig)  Buffers 
the  lowest  peak  load,  compression,  in  case  X5  (table  2), 
which  is  a  ground  oase  happening  during  take-off  runs 
at  full  fuel  weight  59  times  in  one  period  of 
350  flights.  In  a  program  1/100  (or  11/100)  the  test 
rod  gets  a  compression  load  of  -1600  kp.  in  case  X5. 

The  ratio  between  the  lowest  and  the  highest  peak 
load  at  station  B  of  Fig.  7  (Undercarriage  attachment 
to  the  wing  and  wing  spar-boom-kink)  in  the  VENOM- 
programs  is  thus 


-1600 
“  +5265  ~ 


-0,3 


This  same  ratio  was  chosen  for  the  single  amplitude 
program  VIII,  as  well  as  for  the  twin-block  program  XI. 
Thus  the  program  VTII/100  uvuld  be  interpreted  as  a 
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most  simplified  program  Il/lOO. 

The  following  reasoning  was  leading  for  the  con¬ 
struction  of  program  XI:  In  one  period  of  the  history 
program  II  there  are  397  Zero-crossings,  350  of  them 
originating  from  the  350  flights,  e.g.  from  the  ground 
to  air  cycles,  and  47  from  negative  accelerations  in 
the  air.  In  the  same  time,  e.g.  in  one  period,  there 
are  20 '208  quasi-cycles  on  the  airborne  AC  and 
18' 690  quasi-cycles  on  groundtaxying,  or 
20 '208  -  47  =  20*161  tension  fluctuations  and 
18*690  +  47  =  18*737  compression  fluctuations. 

The  ratio  of  fluctuations  to  Zero-crossings  is  thus 

397  —  53  and  397  ~  47 

respectively,  the  average  value  being  about  50  :  1. 
Fifty  fluctuations  happen  after  each  Zero-crossing, 
alternating  on  the  positive  and  the  negative  loadside. 
In  program  XI  the  ratio  between  both  sides  was  chosen 
to  R  =  -0,3,  permitting  comparisons  with  program  VIII. 
Additionally  we  found  by  chance,  as  mentioned  in  the 
note  of  paragraph  5.1,  that  program  XI  is  a  help  for 
distinction  between  crack  indication  and  disorder 
indication.  The  comparison  of  program  VIII  and  XI 
is  represented  in  Fig.  25.  The  difference  of  the 
life-time  is  1  :  2,3.  It  proves  that  it  is  not  allo¬ 
wed  to  shift  two  opposite  fluctuation  cycles  together 
and  to  form  one  alternating  cycle  with  them.  The 
demolition  of  this  assumption  which  was  widely  accep¬ 
ted  will  have  important  consequences  although  the 
result  was  on  the  conservative  side. 

Program  XIII/100  is  the  same  as  XI/100,  but  the 
cjinimum  load  is  -657  kp  (instead  of  -1600  kp)  with 
R  =  -0,125  (instead  of  -0,3),  what  is  representativ 
for  a  station  near  A  in  Fig.  7  (instead  of  station  B), 
e.g.  for  a  part  located  inside  of  the  main  under¬ 
carriage.  The  maximum  load  is  +5265  kp  (same  as  for 

program  XI/100).  The  specimen  of  program  XIII/100  had 
a  life  1,4  times  longer  than  those  of  program  XI/100. 
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Table  8  gives  a  survey  of  the  single  amplitude 
and  block-program  tests,  table  9  of  the  history 
fatigue  tests,  all  run  on  the  new  6-specimen 
fatigue  test  machine  (see  paragraph  3.5),  all  with 
the  so-called  ICAF-test  rod  Fig.  24,  and  all  manu- 
factered  from  "Perunal  755.6”  bars  (similar  to  75  3 
or  DTD  5074),  from  which  also  the  VENOM  wing  spar 
booms  and  the  36  rods  on  the  twin-chain  test  bed 
are  manufactured,  see  table  7. 


Glossary  of  terms  used  in  table  8  and  9 
(see  also  annex  3,  scheme  of  History  loading): 


a 

Ni 

ii 

ei 

e 

er 

1  T 

^u 

Ll 

lq 

Id 


Number  of  specimen  tested  by  the  same  program 

Number  of  cycles  or  periods  to  failure  of  rod  i 
v  ni 

— - -  =  mean  value  of  Number  Ni  to  failure 

a 

N  -  Ni  =  deviation  to  mean  value 


=  root  mean  square  of  deviations 


e  .  100  =  "relative  scatter"  (%)  * 

ii 

Upper  Load  in  a  single  amplitude  test 
Lower  Load  in  a  single  amplitude  test 
Highest  peak  load  in  one  period  q 
Lowest  peak  load  in  one  period  q 


*  The  relative  scatter  is  the  root  mean  square  of  deviations 
related  to  the  mean  value  of  numbers  to  failure,  given 
in  percent. 
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Test  run  5  b,  compared  with  4  and  6,  demonstrates  the 
unfavourable  effect  of  de-anodising,  halving  the  life. 

Test  5  b  was  run  by  iffiPA  on  APiSLtCR  Vibrophore  to  compare 
these  two  completely  different  test  machines.  If  the 
small  load  differences  in  run  5a  are  taken  in  account 
the  two  mean  values  (of  the  6  specimen  on  each  test  bed) 
coincide  very  well.  The  scatter  on  the  new  facility  is 
smaller,  which  was  expected. 

The  influence  of  the  thickness  of  the  anodised  layer 
is  contrary  as  expected,  see  test  4  and  6. 

Probably  this  ostensible  discrepancy  will  be 

explicated  later  on  by  the  different  manufacturing 
methods. 

The  relative  scatter  figures  er  are  rather  small  for 
all  10  test  runs  of  table  8,  3,6  to  11,1 

Opposite  to  that  the  scatter  of  the  7  fatigue  history 
tests  on  table  9  ist  very  different,  er  having  values 
from  4,4  up  to  29  $, 

Obviously  it  is  not  admissible  to  simplify  program  II 
by  applying  the  mean-crossing  peak  count  method  [7], 
where  the  mean  value  is  the  0  g  -  level,  because  the 
resulting  program  VI  almost  doubled  the  life  (run  10 
and  9 ) . 

In  test  run  13,  after  38.932  periods  a  ground  load  of 
-3000  kp  was  applied,  representing  a  3  g  touch  down  with 
full  fuel  weight,  as  it  may  happen  in  an  emergency  landing 
just  after  take-off.  One  rod  failed  by  buckling  at  this 
load.  The  other  five  were  run  up  to  fatigue  failure. 

Their  life  was  reduced  to  82$  of  value  of  test  run  14, 
where  this  single  load  was  not  applied. 
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Test  run  19  with  program  XV/102  (all  increments  of 
+0,5  g  from  the  +1,0  g  level  in  air  loads  omitted)  shows 
a  shorter  life  than  the  corresponding  test  run  16  with  the 
full  fatigue  history  program  11/102.  Already  test  run  18 
seemed  to  point  to  this  phenomenon,  but  was  not  considered 
because  there  was  a  program  failure  on  the  beginning  of 
the  run.  Now,  test  run  20  with  program  XIV/102  (all  incre¬ 
ments  of  +0,5  g  from  the  +1,0  g  level  in  air  and  all 
increments  of  0,3  from  the  1,0  g  level  on  ground  omitted) 
which  was  terminated  the  6th  Kay  confirms  this  trend.  Test 
run  21  with  program  XVI/102  shall  tell  us  if  omitting 
the  small  tension  deviations  (XV),  or  omitting  the  small 
compression  deviations  (XVI)  or  both  are  responsible  for 
this  very  .interesting  phenomenon.  Those  of  my  colleagues 
which  were  at  the  Rome  meeting  4  years  ago  may  remember 
that  I  told  a  funny  idea:  What,  if  material  recreates  it¬ 
self,  e.g.  by  small  load  fluctuations  as  nature  recreates 
itself  in  Spring  ?!  As  a  result  of  our  increased  knowledge 
of  fatigue  since,  today  I  would  compare  this  effect  to  a 
good  afternoon  nap,  -  quite  relaxing  for  all  the  strains 
accumulated  during  forenoon. 

To  explain  this  phenomenon  I  would  like  to  present  the 
views  of  our  metallurgist  who  works  with  us  within  the 
framework  of  an  exchange  program  with  Columbia  University. 

It  is  generally  believed  that  fatigue  damage  is  caused  by 
the  concentration  and  accumulation  of  irreversible  displace- 
ments.  At  verxJLow-amnlirtud-e-s  Lhe  del ormation~is~reversible 
and  dispersed:  Failure  does  not  occur.  Using  the  nomencla¬ 
ture  of  Wood  [12],  in  the  F  range  (Fatigue  range)  of  an  S/N 
curve,  that  range  which  tends  to  parallelism  with  the  N  axis, 
deformation  concentrates  in  the  slip  planes  which  later 
open  up  to  fissures,  and  this  is  where  damage  occurs. 

In  the  H  range  (Hardening)  of  the  S/N  curve,  the  range 
which  descends  rapidly  towards  the  N  axis,  subgrains  deve¬ 
lop,  the  deformation  and  damage  concentrating  in  subgrain 
and  grain  boundaries,  where  later  cracking  occurs. 
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The  size  of  the  subgrains  decreases  with  the  number  of  elapsed 
strain  cycles  and  as  hardening  saturates  after  prolonged 
cycling,  it  reaches  a  limiting  size  [l35j.  This  limiting 
subgrainsize  depends  on  amplitude,  the  larger  the  amplitude 
the  smaller  the  subgrainsize,  reaching  a  limiting  size  with 
respect  to  amplitude  too  [14] .  It  had  been  recently  found 
that  the  subgrainsize  would  adjust  to  the  saturation  stress 
even  if  the  saturation  stress  was  changed  during  the  test  in 
fatigue  [3  5]. 

As  fatigue  damage  was  believed  to  be  due  to  the  abnormal 
concentration  of  deformation  in  slip  planes,  subgrain  and 
grain  boundaries,  there  had  been  attempts  to  disperse 
fatigue  deformation  and  thus  increase  fatigue  life.  Succes- 
ful  attempts  of  Wood  used  a  few  initial  large  amplitudes  p.6] 
or  a  few  cycles  at  elevated  temperature  [17]  in  order  to 
avoid  concentration  of  deformation  in  slip  bands  at  the 
subsequent  F  range  cycling.  While  these  attempts  use  one  kind 
of  single  amplitude  cycling  followed  by  an  other  kind  of 
single  amplitude  cycling,  it  seems  that  a  history  program 
would  provide  a  still  better  possibility  to  disperse  fatigue 
deformation. 

While  under  single  amplitude  cycling  the  material  hardens, 
slip  concentrates  or  a  limiting  subgrainsize  develops  with 
maximum  misorientation* later  in  course  of  cycling  after  the 
structure  reached  a  steady,  cyclic  state,  the  material  has 
no  other  means  to  find  relief  from  accumulating  infinitesi¬ 
mal  irreversibilities,  but  cracking. 

Under  conditions  of  history  program  loading  with  the  ampli- 
tude  continuously  changing  it  is  very  likely  that  no  well 
defined  cellstructure- can  develop,  but  the  substructure  is 
in  a  continuous  change  thus  more  able  to  adjust  to  accumu¬ 
lating  microstrains. 

A  good  proof  of  the  lesser  extent  of  precracking  damage 
under  history  program  versus  single  amplitude  cycling  is 
that  the  conductivity  hardly  increases  in  this  range  during 
history  program  and  the  ratio  of  precrack  life  to  crack 
propagation  life  is  10/1,  versus  1/3,  of  the  single  amplitude 
cycling. 


We  intend  to  do  mechanical  hysteresis  loops  to  invest  g  te 
hardening  and/or  softening  under  history  program  loading  also 
to  investigate  the  substructure  that  develops  due  to  history 
program  loading  by  means  of  electronmicroscopy. 

It  is  possible  that  no  well  defined  subgrains  nor  slip  bands 
can  develop  and  the  substructure  may  resemble  that  produced  by 
cycling  under  the  endurance  limit. 

ite  single  amplitude  cycling  produces  a  certain  trend  of 
damage  in  the  material  while  history  program  loading  most 
likely  means  a  continuous  change,  a  redoing  of  what  former 
cycles  caused,  intuitively  a  greater  scatter  of  precrack 
life  is  expected  under  history  program,  the  precrack  life 
itself  being  much  longer.  It  would  be  quite  important  to  do 
some  separate  crack  propagation  tests  under  history  program 
cycling.  As  our  tests  indicate  the  crack  propagation  stage 
is  shorter  under  history  program  than  at  single  amplitude 
cycling,  this  stage  showing  very  little  scatter,  most  of 
the  scatter  originating  in  the  precracking  stage. 

All  these  relief  mechanisms,  the  continuous  change  of  the 
structure  of  the  material,  or  better  to  say  the  prevention 
of  the  concentration  of  deformation  and  damage  into  certain 
zones,  the  prevention  of  the  development  of  a  fatigue  struc¬ 
ture  are  the  intuitively  felt  beneficial  effects  of  history 
program  cycling  against  single  amplitude  cycling  in  general. 

To  turn  to  the  beneficial  effect  of  some  period  of  low 
amplitude  cycling  (taxying)  within  a  history  program  one 
should  mention  that  Weissmann  [18]  increased  single  amplitude 
fatigue  <  life  by  inserting  a  period  of  lower  amplitude  cycling. 
He  found  an  increase  in  cell  size  well  defined  cell  walls  and 
a  decreased  dislocation  density  in  the  interior  of  the  sub¬ 
grains  resulting  from  the  lower  amplitude  cycling.  This  re¬ 
covery  of  substructure  due  to  cycling  with  lowered  strain 
amplitude  is  attributed  to  a  mechanism  involving  dislocation 
climb,  made  possible  by  the  increased  vacancy  generation  and 
decreased  dislocation  generation  and  multiplication  during  low 
amplitude  cycling. 
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How  this  applies  to  history  program  loading  further  research 
must  show,  but  the  increase  of  conductivity  during  a  period 
of  low  amplitude  cycling  within  the  history  program  implies 
a  recovery  of  structure  and  stress  relief. 


Rod  D  112  which  failed  at  97.404  periods  by  lug  failure 
(obviously  due  to  fretting),  was  tested  to  its  residual 
ultimate  load.  This  was  10*900  kp,  still  higher  than  the 
design  ultimate  load,  and  compared  with  the  actual  ultimate 
load  of  rod  D  112  (non  fatigued)  of  12*000  kp  not  very 
much  lower,  standing  still  91j6.  But  the  fracture  differs 
substantially:  It  is  brittle  instead  of  ductile  as  on 
new  specimen.  Pig.  26  shows  the  two  diagrams  of  the  ulti¬ 
mate  load  test.  Even  more  significant  is  the  aspect  of 
the  two  fracture  surfaces. 

A  similar  difference  exists  between  fractures  of  fatigue 
tests  of  the  low  and  the  high  cycling  mode.  Pig.  27  shows 
in  *'a"  specimen  D  42,  tested  at  run  1,  e.g.  by  a  low 
cycling  mode,  which  failed  in  a  ductile  manner,  whereas 
specimen  D  95  in  *'c'*,  tested  at  run  10,  e.g.  by  history 
loading,  failed  in  quite  a  brittle  manner.  D  69  in  **b'* 

(test  4)  shows  a  transition  between  **a"  and  **c''. 

These  very  different  aspects  of  fracture  point  to  that 
Niner-Palmgrens  hypothesis  doesn't  have  any  base  in 
metallurgy. 


The  test  runs  of  the  6-specimen  fatigue  test  machine 
are  surveied  at  any  time  by  an  oscilloscope  screen  and  by 
continuous  records.  Pig.  28  gives  an  enlarged  view  of 
program  VIII  and  a  survey  of  the  block  program  XI,  Pig.  29 
a  survey  of  program  III,  some  short  flights  (in  the  sense 
of  fatigue)  and  the  begin  of  a  flight  in  gusty  weather. 
Please  note  the  ground  loads  before  and  after  refueling; 
the  third  short  flight  was  without  refueling.  On  Pig.  29 
the  upper  trace  is  the  strain  gage  record,  the  lower  trace 
the  recording  of  the  damage  indicator.  Same  in  Pig.  30,  but 
extended. 


Fig.  31  represents  the  whole  damage  story  of  specimen  D  18, 
loaded  by  program  XI  (twin  blocks),  recorded  by  the  damage 
indicator.  All  223  block-pairs  ire  visible.  During  pair 
number  224  at  oyole  number  9  (tension)  the  failure  occurred. 
On  the  left  side  of  the  picture  the  upper  hole  was  indi¬ 
cated.  Then,  as  a  first  crack  appeared  on  the  lower  hole 
of  the  rod,  the  indicator  was  moved  to  this  one.  Note  the 
play  in  the  plotter  mechanism  on  the  left  side,  the  gap 
due  to  the  first  crack  on  your  right  and  the  disorder 
damage  indicated  by  the  increasing  limits. 

Fig.  32  finally  represents  the  end  of  the  life  of  specimen 
D  99.  From  the  left  bord  of  the  picture  to  the  right  one, 
where  the  failure  occurred,  are  the  last  48' 656  cycles 
recorded  by  the  damage  indicator.  50  mm  from  the  left  bord 
is  a  small  interruption:  That  is  the  automatic  resetting 
of  the  spool  with  its  tape  (whioh  has  a  length  of  196  Meter 
or  644  ft).  Then  the  last  period  begins,  number  63: 

Failure  occurred  at  0.9624  of  the  period  length.  Each 
flight  is  visible  (there  are  391) »  that's  the  reason 
for  the  irregular  aspeot,  besides  the  disturbance  produced 
by  the  fatigue  damage. 


Although  the  6-specimen  fatigue  test  machine  can  be  run 
up  to  a  frequency  of  300  cpm,  this  had  to  be  reduced  to 
the  frequencies  given  in  table  8  and  9,  since  at  higher 
frequencies  the  specimen  would  be  warmed  slowly. 
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7.  Service  Experiences 

Observations  of  fatigue  damages  on  service  aircraft  are  now 
so  numerous  that  we  intend  to  prepare  a  special  report  as  a 
base  for  reliability  considerations,  although  it  is  not  a 
scientific  reason  why  we  are  surveying  these  damages: 

Our  establishment  is  responsible  for  advertising  the  mainte¬ 
nance  people  in  time  on  fatigue  risks.  Thus  safety  considers 
tions  are  forcing  us.  It  is  our  chance  or  our  pain  (as  you 
wish)  that  a  big  portion  of  our  air  force  consists  of 
VENOM  A.C.  which  is  designed  almost  entirely  with  DTD  687 
(similar  to  75  S),  e.g.  the  light  alloy  which  is  rather  ill 
reputed  for  fatigue  safety. 

Thus,  our  task  is  an  interesting  one  for  research  in  fatigue 
but  less  nice  in  relation  to  the  responsibility  for  safety. 

May  I  outline  shortly  our  to-day's  guidelines  for  the 
setting  up  of  instructions  to  our  maintenance  people'  of  air¬ 
craft  in  service: 

1.  Fatigue  damage  is  beginning  by  the  very  first  loadings, 
although  there  is  nothing  to  see. 

2.  Once  a  fatigue  crack  is  appearing  so  much  damage  has 
already  happened  that  it  can  not  be  stopped  definitively 
by  holes  or  reinforcements  (if  it  was  really  a  fatigue 
crack). 

3.  The  part  involved  has  to  be  replaced  or  bridged  over  or, 
if  that  is  not  possible,  its  admissible  life  has  to  be 
restricted  to  an  amount  which  considers  the  rate  of  crack 
propagation.  This  part  has  to  be  inspected  at  correspon¬ 
ding  short  intervals  on  the  whole  fleet. 
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8.  Conclusions 

Some  work  has  been  done  in  the  field  of  the  ICAF  research 
recommendations  No.  1,  2,  3,  4  and  7,  which  were  stated 
following  the  Munich  closed  technical  meeting  1965. 

More  than  ever  we  are  convinced  that  the  Miner-Palmgren 
hypothesis  is  not  applicable  in  aeronautical  fatigue. 

More,  we  think  that  the  hypothesis  is  dangerous  for  aircraft 
designers  and  airworthiness  authorities,  because  it  serves 
as  an  indolent  mean  for  narcotizing  their  bad  conscience. 

It's  results  are  worse  than  an  estimate  based  on  experience. 

We  believe  that  -  except  in  some  special  cases  -  neither  single 
amplitude  cycling  nor  program  loading  nor  random  loading  are 
giving  the  answers  to  the  designer's  problems,  and  that  only 
fatigue  history  loading  will  produce  reliable  results, 
history  loading,  which  simulates  the  genuine  sequence  of  the 
loadings  and  which  does  not  neglect  the  smaller  load  variations 
neither  in  the  air  nor  on  the  ground. 

And  we  think,  that  the  first  appearance  of  a  crack  is  more 
important  than  the  cycles  to  failure  why  more  research  should 
be  devoted  to  the  pre-crack  phase. 

And  that  we  should  try  to  find  or  develop  alloys  which  a  re 
good-natured:  Which  become  by  this  pre-crack  phase  as  little 
as  possible  brittle  and  sensitive  to  notches  in  case  of  very 
fast  loading  rates. 
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9.  Future  Researoh 


9.1  Gust  investigation  (continuation) 

9.2  Flight  load  statistics  (continuation) 

9.3  Full-scale  fatigue  test  VENOM  (termination)  and 
prepare  the  MIRAGE  test. 

9.4  Fatigue  test  of  PORTER  strut  attachment. 

9.5  Fatigue  history  loading  on  the  6-specimen  test  bed 
Light  alloys  and  high  strength  steels. 

9.6  Damage  indicator,  further  development; 
search  for  an  automatic  crack  announcer. 

9.7  x-raying  service  aircraft. 

9.8  Publications:  The  VENOM  program;  the  VENOM  test; 
Fatigue  damage  on  service  AC, 


FABRIQUE  FEDERALE  D'AVIONS 
Chief  designer: 
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VENOM  program  I  or 
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Ground  loads 

►  II,  represented  by  the 
range -mean  count  method 
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[7],  which  shall  be  pub¬ 
lished  in  [6], 
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NOTES  to  Pig.  la  and  lb 
Main  data^ 

Date  :  16.11.66;  1510  to  1520 

AC  ,  :  VENOM  No.  J-1712;  Pilot:  M.  Brennwald 

t 

Fig.  1  represents  the  records  recorded  from  30,5  seconds  to  51  sec. 
after  switching  on  the  recorder,  e.g.  during  20,5  seconds  of  flight 
at  a  flying  speed  of  520  km/h  =  280  kn  =  145  m/sec  over  a  distance 
of  3000  m  (10' 000  ft),  at  an  altitude  of  1400  m  (=  4600  ft) 
above  see  level,  or  964  m  (-  3200  ft)  above  level  of  the  lake  (same 
point  approximatly  as  described  in  ICAP-Doc.  216). 

Records : 

F  =  strain  gage  on  main  undercarriage 

3  =  strain  gage  on  main  spar  (steel  tube  crossing  the  fuselage, 
station  A  of  Fig. 7) 

nSP  =  vertical  acceleration  of  Center  of  Gravity,  in  g. 
np'  =  vertical  acceleration  at  station  C,  port  wing 

njj  -  vertical  acceleration  at  station  D,  port  wing 

nR*  =  vertical  acceleration  at  station  C,  starboard  wing 

nR  .  -  vertical  acceleration  at  station  D,  starboard  wing 

Evaluation  by  computer: 

c£»v  =  vertical  component  of  gust  speed  in  meter  per  second.  < 

these  gusts: 

Max.  vert. speed  upwards  (positive)  +10,2  m/sec  =  +33,5  fps 
Max.  vert. speed  downwards  (neg. )  -  5,0  m/sec  =  -16,4  fps 
Increment  of  vert. speed:  +0,82  m/sec  on  1  m  distance 

-0,64  m/sec  on  1  m  distance 

a"  nsp  =-3,5  g  (34  tn/sec^)  the  stress  in  the  crossing  tube  was 
52,5  kp/rom?  (46 'COO  psi),  while  in  a  steady  acceleration  of  3,5  g 
this  stress  would  be  20  kp/mm2. 

At  point  47,7  sec  ever,  a  stress  of  34,0  kp/mm2  at  only  3,3  g  is 
recorded,  what  would  be  18,9  kp/n,m2  in  steady  acceleration,  of  what 
a  dynamic  factor  of  1,8  results  ! 

Distance  from  a  +10,2  m/sec  gust  to  a  -3,8  m/sec  gust  =  110  Meter 
(  +  33,5  fps  to  -12,5  fps  on  360  ft). 

Distance  from  a  +5,5  m/sec  to  a  -5,0  m/sec  and  to  a  +4,1  m/sec  gust 
-  IVj  Meter  (+18,1  fps  to  -16,4  fps  to  +13,5  fps  on  360  ft). 

Loading  rate:  5,65  kp/mm2  per  0,01  sec,  or  8000  psi  per  0,01  Bee. 

(a  value  which  is  comparable  to  the  loading  speed  in  notch  impact 
lef  ts,  which  are  still  about  100  times  faster),  in  steel  (dBr  =  120  kp/mm) 


Working  principle  of  the 
electronically  controlled 
fatigue  machine  MICR0TR03 


Fig.  3 

Microtron  654  blade 
fatigue  test  machine 


Fig.  4 

Vibrating  blade,  exposed 
over  several  cycles 
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Fig.  5 
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VENOM:  Ratio  of  Air  to  Ground  Loads 

Ratio  between  different  Fuel  Weights 

A  B  C  D 


The  figures  in  the  table  represent  the  Moment  Mx  due  to  air 
loads  at  the  1  g  -  level  airborne,  which  is  reduced  to  100  (%) 
for  full  fuel  weight  (5/5),  and  due  to  the  1  g  -  level  on  the 
ground,  all  that  for  different  wing  stations  (A  to  D),  in 
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Fig.  9  Fig.  9+10 

Damage  Story  of  Specimen  Nr.  D75 
Single  Amplitude  Loading, 

R=  -0,3  (VIII/100) 


Fig.  10 

Damage  Story  of  Specimen  Nr.  D  20 
Program  Loading ,  R=  0/oo/- 0,3 (XI/100 
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X-Ray  picture  amplifier: 
principle  of  function 


X-Ray  picture  amplifier: 
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Pig.  14a-d 


X  -  ray  TV  -  chain  taking  a  movie  film  of  a  fatigue 
crack  during  history  loading. 
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'  Fig.  14e-h 

fat, igue  crack  in  the  butt-joint  strap  at  rib  7  of  wing  Nr. 068 
at  4750  hours,  taken  by  the  X-ray  TV-chain  during  history  loading 

e  f 


Oxygen-bottle  7,7  dm3, 
126  kp/cm2  =  1800  psi 
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Fig.  18 


Oxygen-bottle  struck  by  a  gun 
shot  at  full  pressure  (O2) 
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Fatigue  -  crack  of  Oxygen 
bottle  after  21000  cycles 
of  full  pressure  cycling. 
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Fig .  20a+b 


Fatigue  cracks  in  compressor  blades 
a  x200  x200  b 


12  3 


Pig.  21a-d 


Corrosion  as  initiator  of  a  fatigue 
crack  of  a  compressor  blade  (No.  158) 

a  x200  xlO  b 


a 


Canopy  fatigue  test  installation 

b 


Fig.  23a-c 


of  bending  stress 
rage  stress  =0.48 


universal  suspension 


block  -  pairs  resp.,  up  to 
failure . 
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D  42 

D  69 

D  95 

661  C 

5601  C 

78,843  q 

fractures  of  different 

fatigue  test  specimen 

J  JU 


Fig.  28: 

Program  VI 11 


on  the  oscilloscope  screen  of  the  6  -  specimen  fatigue  test  machine 
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Fig.  29+30 


Program  III 

strain  gage 
a 


on  the  screen: 

(upper  trace)  and  damage  indicator  (lower  trace)  records 

b  Fig.  29 


same,  extended 

a  b  Fig.  30 
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Fig.  31+32 


Fig.  31 


Damage  Story  of  Specimen  Nr.  D18 
Program  Loading ,  R=  0/oo/-0,3  (XI/100) 


2. CRACK 


. . . 


Fig.  32 


UPPER  HOLE 


LOWER  HOLE 


F+W  6  7  3  9  1 


Damage  Story  of  Specimen  Nr.  D99 
History  Loading  (IH/100) 


(Range -Mean  Count  Method)  Gust  and  Manoeuvre  Loads 
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1  INTRODUCTION 

In  the  past  two  years  considerable  fatigue  research  has  centred  round  the 
Concord  Project  and  good  progress  has  been  made  in  understanding  the  special 
conditions  arising  from  the  thermal  cycle.  The  work  has  covered  maiy  facets. 
Important  among  these  has  been  the  basic  research  on  creep,  overageing  awl 
fatigue  and  on  the  interactions  one  with  another;  also  on  the  structural 
effects  of  thermal  stress  cycles  and  their  combination  with  mechanical  stress 
cycles.  In  addition  confidence  has  been  gained  in  the  ability  to  represent 
the  aircraft  service  environment  in  the  test  laboratory.  New  testing  techniques 
have  been  developed  and  demonstrated  in  tests  on  major  components. 

During  this  period,  however,  the  other  more  familiar  research  programmes 
have  not  been  neglected  and  it  is  proposed  to  review  the  major  topics  as  well 
as  the  Concord  research  programme  in  the  following  order:- 

(a)  Concord  programme. 

(b)  Fatigue  loading  actions. 

(c)  Fatigue  research. 

(d)  Design  data  on  materials  and  structural  elements. 

(e)  Full  scale  testing. 

(f)  Acoustic  fatigue. 

1 

This  follows  broadly  the  pattern  of  the  previous  review  . 

The  present  review  has  been  compiled  from  the  authors’  knowledge  of  the 
work  aided  by  contributions  ftrom  research  laboratories  in  the  R.A.E.,  N.E.L. 
and  the  aircraft  industry.  It  has  been  made  as  complete  as  possible  within 
the  information  available  and  it  is  believed  that  the  more  important  items  have 
been  covered.  Inevitably  something  will  have  been  missed  and  this  is  regretted. 
The  source  of  the  information  used  has  not  normally  been  identified  directly 
in  the  text,  but  where  a  paper  has  been  prepared  the  reference  is  given  and  this 
provides  a  useful  bibliography. 

2  CONCORD  PROGRAMME 

Before  discussing  the  detailed  Concord  test  programme  it  is  worthwhile  to 
first  outline  a  typical  flight  profile  so  that  an  understanding  of  the  complete 
environment  and  loading  actions  can  be  obtained. 

Immediately  after  take  off  the  aircraft  will  climb  subsonically  until  it 
is  clear  of  populated  areas  and  then,  still  climbing,  accelerate  to  its  cruising 
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speed  of  Mach  2.2.  After  the  cruise  phase  has  been  completed  the  aircraft  will 
decelerate  to  subsonic  speeds  at  altitude  and  then  descend  to  its  destination. 

In  the  initial  climb  at  subsonic  speeds  the  external  surfaces  of  the 
structure  will  cool  a  little  and  then  heat  up  in  the  acceleration  phase, 
reaching  a  temperature  of  about  120°C  which  v/ill  be  maintained  during  the 
cruise.  During  deceleration  and  descent  the  external  structural  temperature 
will  drop  to  about  -20 °C  rising  again  to  ambient  temperature  on  landing.  The 
temperature  of  the  internal  structure  will  lag  behind  that  of  the  surface 
structure  due  to  the  time  it  takes  for  heat  to  be  conducted  to  it.  Thus  on 
the  climb  the  external  structure  v/ill  be  hotter  than  the  internal  structure 
and  this  v/ill  set  up  thermal  stresses  due  to  the  different  amounts  of  expansion. 
During  tile  curise  the  internal  structural  temperature  will  gradually  approach 
that  of  the  external  structure  and  the  thermal  stresses  will  decay.  The 
reverse  effect  takes  place  during  descent  and  recovery  giving  thermal  stresses 
of  opposite  sign,  which  together  make  a  complete  fatigue  cyole. 

The  aircraft  will  also  be  subjected  to  the  normal  pattern  of  fatigue 
loads  -  taxying  loads,  ground-air-ground  cycle,  gust  and  manoeuvre  loads,  cabin 
pressurisation  etc.  Almost  all  of  these  will  ocour  while  the  aircraft  is  on 
the  ground  or  flying  subsonically.  The  exception  is  clear  air  turbulenoe 
which  will  bo  encountered  while  the  aircraft  is  flying  supersonically  but  this 
produces  only  a  small  proportion  of  the  total  fatigue  damage.  Thus  almost 
all  of  the  fatigue  damage  due  to  external  loadings  occurs  while  the  structure 
is  at  ambient  tomporature  before  the  acceleration  phase  or  is  approaching 
ambient  temperature  after  the  deceleration  phase.  This  is  a  great  simplifica¬ 
tion  both  in  representation  in  full  scale  tests  and  also  in  the  research 
programmes. 

One  effect  of  the  thermal  cyclo  has  already  been  mentioned,  namely 
thermal  stress.  Also  to  be  considered  are  creep  and  overageing.  All  of  the 
structure  will  suffer  overage ing  and  much  of  it  will  suffer  creep.  There  are 
notable  exceptions,  such  as  the  fin,  where  the  creep  effects  will  be  loss  than 
in  those  areas,  such  as  the  wing,  which  are  subject  to  steady  loads  throughout 
flight. 

Thus  the  structure  is  subjected  to  externally  applied  fatigue  loads, 
interspersed  with  periods  of  creep  and  overageing,  interspersed  with  fatigue 
cycles  of  thermal  stress  and  the  task  of  the  designer  and  tost  engineer  is 
indeed  complex  to  understand  and  interpret  all  of  these  effects  and  their 
interactions. 
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The  task  has  been  tackled  by  breaking  the  problem  down  and  studying 
smaller  parts  separately,  gradually  bringing  them  together  as  knowledge  is 
gained.  The  story  of  the  work  so  far  is  in  the  following  sections. 

In  addition  to  the  aircraft  design  and  development  aspects  of  this  work, 
this  research  programme  has  a  very  important  bearing  on  the  fatigue  approval 
test  programme.  Because  it  is  necessary  to  allow  the  heat  to  be  oonduoted 
naturally  through  the  structure  so  that  the  appropriate  thermal  stresses  are 
generated,  it  is  extremely  difficult  to  shorten  the  thermal  cyole.  Some  gain 
can  be  obtained  by  forcing  the  thermal  conditions  after  the  peak  thermal  stress 
has  been  reached  so  that  the  structure  more  quickly  attains  the  equilibrium 
conditions  at  the  end  of  cruise  and  after  landing.  While  ideally  this  is 
possible  on  a  simple  specimen  and  in  faot  is  being  used  for  some  of  the  tests, 
it  would  be  very  complex  on  a  major  structural  component.  Thus  at  present 
there  seems  little  hope  of  making  the  test  cycle  shorter  than  a  flight  cycle  if 
thermal  stresses  are  to  be  represented  adequately.  If  the  problem  was  only 
that  of  simulating  creep  and  overageing  it  is  thought  that  adequate  representa¬ 
tion  could  be  obtained  by  employing  a  higher  temperature  for  a  shorter  time. 

As  it  is  necessary  that  the  fatigue  approval  test  shall  be  ahead  of  the 
flight  aircraft  by  a  suitable  factor  to  ensure  safety  in  servioo  and  as  it 
does  not  appear  possible  to  shorten  appreciably  the  thermal  cycle  in  the  test, 
the  only  remaining  possibility  is  to  make  each  test  cycle  represent  several 
flights  -  ,\.e.  to  accelerate  the  test  so  that  more  fatigue  damage  is  done  in 
each  test  cycle  than  in  a  real  flight.  Techniques  to  do  this  are  being  sought 
in  the  resoarch  programme  described  in  the  following  sections.  Once  a 
technique  has  been  chosen,  reliance  will  have  to  be  placed  on  results  of  the 
test  programme  to  interpret  the  failures  on  the  approval  test  specimens.  Thus 
a  great  deal  of  confidence  has  to  be  established  sinoe  the  natural  reaction  is 
to  explain  an  unexpected  premature  failure  as  a  fault  in  the  test  rather  than  a 
fault  in  the  design. 

A  f\ill  description  of  the  whole  of  the  Concord  test  programme,  including 

2 

work  in  both  France  and  the  United  Kingdom  is  given  in  a  paper  to  be  presented 
to  the  Fifth  I.C.A.F.  Symposium  in  Melbourne  in  May  1967* 

2.1  Creep  and  overageing 

A  great  deal  of  basic  material  creep  test  data  has  been  obtained  from 
tests  on  aluminium  alloys  DTD.5070A,  2024-T.81  and  L.73.  Short  term  accelerated 
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test  data  were  correlated  using  the  Fisher-Dorn  parameter  <f>  -  -  and  recently 
acquired  long  term  test  data  (of  order  30000  hr)  agree  well  with  the  extrapola¬ 
tions  made  from  the  short  term  results. 

From  the  results  of  material  tests  it  is  expected  that  the  gross  creep 
deformation  of  the  Concord  structure  will  be  very  small.  However  work  on  the 
effects  of  creep  around  stress  concentrations  has  indicated  that  although 
relatively  small  creep  strain  occurs  away  from  the  notch  very  high  local 
strains  accumulate  at  the  edge  of  the  notch  leading  eventually  to  the  initiation 
of  small  cracks.  .  These  local  strain  measurements  have  been  made  by  engraving  a 
squared  grid,  (approximately  0.050  inch  square)  on  the  specimen  surface 
adjacent  to  the  notch  and  then  evaluating  the  magnitude  of  the  local  strains 
from  measurements  of  the  deformation  of  these  squares  at  regular  intervals 
during  the  test. 

Creep  bending  experiments  on  box  beam  specimens  has  also  revealed 
incidents  of  creep  cracking  initiating  from  cut  outs  and  rivets  adjacent  to  the 
cut  outs.  This  work  is  to  be  extended  to  test  panels  with  various  cut  out 
geometries  and  also  to  box  beam  structures  to  be  loaded  in  combined  bending 
and  torsion. 

Creep  cracking  has  also  been  observed  in  the  head  of  aluminium  alloy 
rivets  in  lap  joints.  These  joint  tests  form  part  of  a  large  scale  researoh 
investigation  into  the  efficiency  of  riveted  joints  as  a  function  of  joint 
geometry  and  sealants. 

Further  joint  tests  of  one  particular  geometry  are  being  conducted  to 
investigate  time-temperature  correlation  of  creep  deformation.  Initial 
results  indicate  that  such  a  correlation  is  likely  to  be  found  although 
considerable  scatter  in  the  data  exists  due,  it  is  thought,  to  variability  in 
the  properties  of  the  sealants  used  and  also  variability  in  the  setting  of  the 
individual  rivets  in  the  joints. 

Creep  deformation,  being  a  non  linear  function  of  stress,  results  in 
stress  redistribution  within  a  structure  exposed  to  time  at  temperature  under 
an  applied  load.  Before  theoretical  studies  of  structural  problems  can  be 
investigated  an  equation  of  state  requires  to  be  found  that  will  successfully 
interpret  the  creep  behaviour  of  materials  under  changing  stress  conditions. 

The  research  on  creep  under  variable  stress  has  shown  that  creep  in 
commercial  aluminium  alloys  consists  of  at  least  two  components,  one  being 
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recoverable  and  the  other  permanent.  The  recoverable  or  transient  component 
appears  to  have  a  Poisson's  Ratio  close  to  the  elastic  value  while  the  permanent 
component  is  purely  plastic  with  a  Poisson's  Ratio  of  0.5.  The  rate  of 
accumulation  of  the  permanent  creep  strain  appears  to  depend  on  the  transient 
component.1,  V/ork  is  in  hand  to  evaluate  possible  techniques  for  measuring 
separately  the  two  components  with  a  view  to  determining  more  precisely  the 
time/temperature/stress/ strain  relationships  of  each  component. 

2.2  Room  temperature  fatigue 

Extensive  room  temperature  fatigue  testing  has  been  conducted  both  to 
evaluate  the  basic  material  properties  of  various  aluminium  alloys  and  also 
to  investigate  the  fatigue  properties  of  various  types  of  riveted  construction 
as  a  function  of  the  high  temperature  sealants  used. 

2.5  Interaction  of  creep  and  overageing  on  fatigue  properties 

2.3,1  Notched  sheet  specimens 

An  initial  series  of  highly  accelerated  tests,  with  respect  to  the 
Concord  environment,  have  been  conducted  on  aluminium  alloy  DTD  5070A.  The 
test  programme  consisted  of  periods  of  cold  fatigue  loading  of  the  Pip  type 
interspersed  with  periods  of  exposure  to  elevated  temperature  with  an  applied 
stress.  The  results  indicated  that  there  was  a  reduction  in  endurance  relative 
to  the  fatigue  life  at  room  temperature, 

A  more  detailed  programme  on  an  RR  58  alloy  is  in  progress  and  the 
results,  in  general,  support  those  of  the  earlier  investigation.  It  has  been 
shown  that  periods  of  heating  with  zero  applied  stress  (overageing)  interspersed 
with  fatigue  o.t  room  temperature  reduced  the  fatigue  life.  The  interspersed 
tests  with  a  mean  stress  applied  during  the  hot  period  showed  a  smaller 
reduction  in  endurance,  indicating  that  a  beneficial  effect  may  be  derived 
from  creep  deformation.  This  is  thought  to  result  from  a  favourable  stress 
redistribution  at  the  notch  during  the  creep  period.  It  appears,  therefore, 
that  the  net  effect  on  fatigue  endurance  is  very  much  a  compromise  between 
the  damaging  effect  of  overageing  and  the  beneficial  effect  of  creep.  However, 
the  rosults  show  that  the  balance  between  the  two  effects  is  very  critical  and 
appears  to  be  sensitive  to  the  local  stress  distribution. 

The  metallurgical  processes  which  result  in  the  loss  in  fatigue  strength 
are  not  known  but  detailed  metallurgical  studies  are  being  planned  to  investi¬ 
gate  these  effects. 
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2.3.2  Small  structural  elements 

Work  is  proceeding  on  investigations  to  discover  the  effects  on  resultant 
endurance  of  inserting  one  period  of  overageing  and/or  oreep  at  different 
stages  during  the  fatigue  life.  The  main  investigations  are  oonoentrating  on 
aluminium  alloys  RR  58,  HID  5k,  L65  and  202if-T81 .  The  tests  on  HID  %.  have 
been  completed  and  the  results  are  to  be  published  shortly^. 

The  tests  have  shown  that  if  a  period  of  temperature  soak  under  aero 
load  was  applied  during  the  oraok  nucleatlon  stage  there  was  a  reduotion  in 
the  resulting  fatigue  life  as  compared  with  uninterrupted  fatigue  test  results* 
This  effeot  was  shown  to  be  greater  for  notohed  speoimens  than  fbr  lugs  and 
joints*  It  is  now  believed,  however,  that  the  HID  5k  material  was  not  fully 
aged  in  the  as  reoeived  condition  and  that  the  observed  reduotion  in  enduranoe 
was  due  to  the  material  rising  to  peak  hardness  during  the  heating  period. 
However,  it  was  possible  to  show  that  overall  oreep  strains  of  the  order  of 
0.02$  tended  to  oppose  the  effeot  of  ageing  and  resulted  in  an  improved 
onduranoe  at  low  stress  amplitudes. 

It  was  also  shown  that  tho  effect  of  overageing  and  oreep  had  little 
effect  cn  the  residual  tensile  strength  of  oraokod  lug  speoimens. 

Results  from  ER  58  specimens  show  that  the  test  material  is  approximately 
fully  aged  and  reductions  in  endurance  due  to  ageing  are  smaller  than  those 
measured  with  HID  5k  spooimens.  The  bonefioial  effeot  of  tensile  oreep  strain 
has  again  been  demonstrated  with  ER  58  and,  in  addition,  it  has  been  shown 
that  oompressive  creep  strain  is  detrimental. 

Furthor  work  will  include  the  effeots  of  temperature  pyding,  the 
influence  of  tho  fatigue  loading  frequenoy  and  the  effeot  of  heating  during 
oraok  propagation.  A  comparison  will  be  made  of  heating  effeote  under 
constant  and  variable  amplitude  loading. 

Two  riveted  joint  tost  programmes  have  been  initiated  to  stucly  overageing 
and  oroep-fatigue  interaction  effeots.  One  is  on  3  inch  and  the  Other  on  6  inch 
wide  3  row  joints  with  countersunk  rivets. 

Porioda  of  hoating  during  whioh  eithor  soro  or  a  tensile  mean  load  is 
applied  wero  interspersed  with  fatigue  loadings  of  the  P  i  p  type* 

The  general  results  oonfirm  the  findings  of  tho  notohed  sheet  investiga¬ 
tions.  It  has  been  shown  that  intorsporaed  periods  of  overageing  alone  produoe 
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a  greater  loss  of  endurance  than  interspersed  periods  of  creep  and  overageing. 
Some  tests  showed  that  there  was  an  improvement  in  life  as  a  result  of  creep 
and  overage ing  interspersions. 

Some  room  temperature  fatigue  tests  have  been  conducted  on  the  joints 
during  which  either  zero  or  constant  load  dwell  periods  were  introduced  during 
the  course  of  the  test,  each  dwell  period  corresponding  to  the  duration  of  the 
hot  periods  of  the  interspersed  tests.  The  object  of  these  tests  was  to 
establish  whether  the  reduction  in  endurance  observed  from  the  interspersed 
tests  resulted  from  the  insertion  of  hot  periods  or  whether  it  was  simply  due 
to  interrupting  the  room  temperature  fatigue  test.  The  test  results  gave 
substantially  the  same  fatigue  life  as  continuously  run  room  temperature 
fatigue  tests  establishing,  therefore,  that  the  reduction  in  endurance  observed 
from  the  interspersed  tests  is  entirely  a  function  of  the  ’hot1  interspersions. 

2.3.3  Box  beam  tests 

A  series  of  tests  are  in  progress  on  aluminium  alloy  box  beam  specimens 
6  ft  x  20  inch  x  6  inch  deep.  These  boxes  have  deliberately  been  made  shallow 
to  minimise  the  effects  of  thermal  stress.  All  of  these  tests,  except  the  room 
temperature  control  fatigue  tests,  have  been  conducted  by  interspersing  periods 
of  high  temperature,  during  which  a  mean  stress  is  applied,  with  room  tempera¬ 
ture  fatiguo  loading  cycles  of  the  P  ±  p  type. 

The  results  indicated  that,  in  general,  there  was  an  improvement  in  the 
fatigue  enduranco  as  compared  to  the  datum  room  temperature  fatigue  life  and 
not  a  reduction  in  life  as  was  expected  from  the  notched  specimen  results. 

It  is  possible,  howevejr,  that  the  improvement  in  fatigue  performance  may  have 
resulted  from  the  release  of  built  in  stress  due  to  creep  induced  stress 
redistribution  during  the  heating  periods.  Further  tests  are  being  planned  to 
investigate  the  effect  of  zero  stress  during  the  high  temperature  interspersions. 

2.4  Interaction  of  creep,  ovorageing,  and  thermal  stress  on  fatigue 

properties 

Box  beam  structures  10  ft  x  1 6  inch  x  16  inch  deep  are  being  tested 
under  simulated  Concord  conditions.  These  boxes  have  deliberately  been  made 
deep  so  that  thermal  stresses  are  inducod.  The  upper  and  lower  surfaces  are 
convectively  heated  initially  to  produce  the  thermal  stress  pattern  after 
which  the  whole  structure  is  force  heated  to  isothermal  conditions.  Thermal 
stresses  of  the  opposite  sign  are  then  applied  by  cooling  of  the  upper  and 
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lower  box  surfaces  using  air  cooled  with  liquid  nitrogen.  The  whole  box  is 
then  force  cooled  to  reach  an  isothermal  condition  at  room  temperature.  At 
this  stage  mechanical  fatigue  loadings  are  applied  and  the  thermal  oycle  then 
repeated. 

The  initial  investigations  will  be  conducted  with  only  a  minimum  dwell 
time  at  the  peak  temperature  thus  minimising  the  extent  of  any  creep  and 
overageing  effect.  This  test  result  will  then  be  compared  with  the  endurance 
achieved  by  a  box  tested  with  mechanical  fatigue  oycles  only  and  further  testa 
conducted  during  which  the  ratio  of  mechanical  to  thermal  cycles  will  be 
varied  and  also  the  magnitude  of  the  time  at  peak  temperature  will  be  increased, 
thus  introducing  the  effects  of  creep  and  overageing. 

2.5  Testing  of  major  structural  components 

The  first  major  test  in  the  United  Kingdom  part  of  the  Concord  programme 
has  been  a  test  on  a  15  ft  long  section  of  fiiselage  at  Filton.  Convective 
heating  and  cooling  has  been  used,  based  on  a  method  developed  at  R.A.E.  The 
specimen  is  in  a  totally  enclosed  duct  which  may  be  operated  as  a  closed  or 
open  circuit.  Heat  exchangers,  fired  by  town  gas,  heat  the  air  and  cooling 
is  initially  by  ambient  air,  followed  by  injection  of  liquid  nitrogen  into  the 
air  strema.  The  loading  on  this  specimen  is  only  internal  pressure.  Automatic 
control  of  the  entire  cycle  is  obtained  from  a  punched  tape  input.  The 
specimen  is  being  used  to  obtain  design  development  information  and  at  present 
the  rig  is  running  under  accelerated  conditions  -  i.e.  each  test  cycle  is  more 
damaging  than  a  real  aircraft  flight. 

At  R.A.E.  preparations  are  well  advanced  for  tests  on  a  65  ft  long 
specimen  of  the  forward  fuselage,  on  a  complete  engine  nacelle  and  on  a 
complete  airframe.  These  tests  will  bo  extremely  complex  and  will  simulate 
all  the  loading  actions  encountered  during  typical  airline  operations  -  these 
will  include,  as  appropriate,  taxying  loads,  ground  to  air  loads,  gust  and 
manoeuvre  loads,  cabin  pressurisation  and  air  conditioning  and  transfer  of  fbel 
as  well  as  the  thermal  cycling.  Heating  and  cooling  will  be  primarily  by 
convcctivo  methods,  but  some  additional  heating  by  radiation  may  bo  necessary 
in  critical  areas. 

One  of  tho  major  problems  of  a  test  programme  of  this  nature  is  to  ensure 
reliability  of  the  test  rig  so  that  testing  can  continue  twenty-four  hours  a 
day,  seven  days  a  week,  except  for  the  necessary  breaks  for  inspection  and 
maintenance.  To  meet  this  need  a  special  control  system  has  been  developed 
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which  is  capable  of  controlling  the  tests  on  the  forward  fuselage  and  nacelle 
and  has  capacity  also  for  controlling  a  test  on  the  rear  fuselage  if  it  is 
decided  to  remove  this  from  the  complete  airframe  and  test  it  separately. 
Essentially  the  system  comprises  two  small  on-line  computers.  One  of  these 
provides  the  step  by  step  instructions  for  the  test  and  completely  controls 
every  phase.  The  other  computer  generates  independently  a  similar  control 
programme  and  checks  that  the  test  has  followed  it.  Small  deviations  are 
reported  and  large  deviations  cause  the  rig  to  shut  down.  Thus  very  extensive 
recording  and  subsequent  analysis  is  avoided.  Manual  control  of  all  opera¬ 
tions  is  possible  so  that  special  tests  and  callibrations  can  easily  be  done. 
Provision  has  been  made  for  the  computers  to  generate  a  system  of  random 
loadings  and  a  large  store  is  available  so  that  this  can  be  examined  and 
approved  before  it  is  applied^  It  is  expected  that  a  similar  control  system 
will  be  used  on  the  test  of  the  complete  airframe. 

3  FAJIGUE  LOADING  ACTIONS 

One  of  the  major  problems  in  fatigue  life  estimation  is  that  of  defining 

4 

accurately  the  relevant  load  spectrum  for  an  aircraft  or  component  .  It  is 
therefore  important  that  statistical  data  on  the  environmental  loads  should  be 
accumulated  as  well  as  an  understanding  obtained  of  the  dynamic  responses  of 
the  structure  under  these  applied  loads. 

Considerable  effort  in  the  past  two  years  has  been  directed  to  defining 
more  closely  the  turbulence  spectra,  in  particular  for  very  high  and  very  low 
altitudes.  An  increasing  number  of  flight  load  measurement  investigations 
have  been  initiated  and  particular  emphasis  is  being  placed  on  fins,  tailplanes 
and  under carriages  as  well  as  the  wing  structure. 

/ 

3.1  Data  on  atmospheric  turbulence 

Counting  accelerometers  continue  to  be  carried  on  a  number  of  passenger 

aircraft  and  provide  the  main  statistical  source  of  information  on  loads  due 

to  atmospheric  turbulence.  A  large  sample  of  flight  records  from  aircraft  not 

fitted  with  cloud  warning  radar  have  been  analysed  and  the  derived  gust 
.  5 

frequencies  studied  . 

Analysis  of  gust  loads  below  altitudes  of  one  thousand  feet  has  also 

6 

been  made  .  The  sources  of  information  wore  varied  and  a  comparison  was  drawn 
between  the  passenger  transport  sources  and  the  data  acquired  during  special 
investigation.  The  study  concluded  that  the  evaluated  gust  data  ga/e  reliable 
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average  figures  for  passenger  transport  operations.  However,  owing  to  the  wide 
variation  of  gust  frequencies  with  ground  topography  and  weather  conditions 
it  was  concluded  that  for  military  aircraft  flying  at  low  altitudes  a  more 
detailed  knowledge  of  operating  conditions  was  necessary  before  reliable 
estimates  of  gust  frequencies  could  be  made. 

To  extend  the  knowledge  on  low  level  conditions  a  special  flight  researoh 
programme  has  been  initiated  to  compare  low  level  turbulence  over  land  and  sea 
in  and  around  the  United  Kingdom.  The  programme  will  also  delineate  between 
turbulenoe  encountered  in  coastal  waters  and  out  to  sea. 

The  turbulence  encountered  by  shorthaui  transport  aircraft  has  been 
analysed  on  a  flight  by  flight  basis^.  It  was  found  that  the  magnitude  and 
distribution  of  gusts  within  a  flight  is  dependent  on  the  total  number  of 
gusts  in  the  flight  but  that  the  correlation  between  successive  flights  was 
low. 

Analysis  of  the  results  from  the  investigation  of  clear  air  turbulence 

in  Australia  in  1963  (TOPCAT)  has  been  completed  and  a  summary  paper  detailing 

meteorological  observations  and  flight  plans  and  the  measurements  of  wind, 
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temperature  and  turbulence  has  been  published  .  The  turbulence  data  have  been 
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analysed  in  the  form  of  power  spectra  and  indicate  that  at  short  wavelengths 
the  spectra  agree  well  with  a  -5/3  power  law  and  that  the  energy  densities  of 
the  three  components  (ug,  vg,  wg)  were  similar.  In  some  respects,  however, 
particularly  at  long  wavelengths,  the  spectra  were  found  to  be  dissimilar  to 
those  found  for  low  level  turbulence  and  there  were  some  indications  that  the 
turbulence  was  anisotropic. 

A  theoretical  study  on  the  response  of  a  slender  wing  aircraft  to 
atmospheric  turbulence  has  been  completed.  The  aircraft  was  represented  by 

two  rigid  and  three  flexible  normal  deformation  modes  and  a  particular  study 

I 

was  made  of  the  vibrational  environment  in  the  cockpit.  The  responses  showed 

1 0 

some  sign  of  the  resonance  reported  earlier  on  more  slender  aircraft,  but  it 
was  not  so  marked.  It  was  also  shown  that  more  response  was  due  to  the  higher 
frequency  olastic  modes  than  had  been  indicated  by  previous  calculations. 

3.2  Flight  load  measurements 

A  better  understanding  of  the  fatigue  of  aircraft  structures  in  service 
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should  accrue  from  the  load  measurement  programmes  now  in  progress  on  several 
military  and  civil  aircraft.  Those  are  primarily  concerned  with  the  measurement 
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of  the  internal  loads  in  wing,  fin  and  tailplane  structures  during  flight  in 

12 

turbulent  air,  manoeuvres,  loading  and  taxying  conditions  .  The  measured 
loads  will  be  correlated  with  accelerations  measured  at  the  centre  of  gravity 
and  with  control  surface  positions.  The  strain  gauge  responses  will  be  inter¬ 
preted  in  terms  of  a  load  calibration  applied  to  the  flight  aircraft  or  by 
reference  to  strain  gauges  similarly  positioned  in  the  fatigue  test  specimens. 

The  specific  problems  of  undercarriage  load  measurement  are  being 
investigated  in  separate  programmes,  and  these  should  provide  data  on  rough 
runway  operation. 

The  use  of  fatigue  load  meters  continues  to  provide  data  on  the  severity 
of  loading  experienced  by  individual  aircraft  and  the  average  load  spectra  to 
be  expected  in  various  roles.  This  information  is  invaluable  in  providing  the 
anticipated  spectra  for  new  military  aircraft.  Fatigue  load  meters  having  a 
working  temperature  range  of  -50  to  1 50°G  are  in  production.  Facilities  are 
available  for  3  .extra  banks  of  6  counters  each,  to  be  added  to  the  basic 
fatigue  load  meter,  ary  bank  of  which  can  be  operated  in  a  selected  aircraft 
regime,  e.g.  at  high  Mach  number  or  certain  sweep  angles. 

3.3  The  Civil  Aircraft  Airworthiness  Data  Recording  Programme  (CAADRP) 

The  loads  encountered  by  an  aircraft  in  flight  are  the  resultants  of  the. 
individual  effects  of  the  environment,  the  aircraft's  characteristics  and  the 
practical  expertise  of  the  pilot. 

Most  in-flight  recorders,  such  as  the  V-g  recorder,  the  counting  accelero¬ 
meter  and  the  fatigue  load  meter  measure  the  resultant  effect  of  these  individual 
parameters.  It  might  be  argued  that  this  is  the  effect  that  is  required  to  be 
measured  since  the  structural  performance  of  the  aircraft  depends  directly  on 
the  magnitudes  that  are  measured.  However,  such  measurements  can  never  explain 
the  origin  of  these  loads;  they  can  never  delineate,  for  example,  between 
loads  induced  by  manoeuvres  and  turbulence  induced  loads.  Similarly  there  are 
a  host  of  other  circumstances  in  which  the  interaction  of  pilot,  aircraft  and 
environment  play  a  vital  role  in  the  determination  of  the  resultant  loads  in 
the  structure.  Only  when  the  individual  causes  and  effects  are  broken  down  is 
it  possible,  to  determine  whether  the  present  accepted  requirements  and  standards 
will  be  applicable  to  future  aircraft  types. 

The  realisation  that  a  great  void  existed  in  the  knowledge  of  aircraft 

operating  procedure  led,  in  1962,  to  the  initiation  of  the  CAADRP  investiga- 
13 

tions  .  The  basic  aims  of  the  programme  were  to  study:- 
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(i)  the  effect  of  environment  and  operational  usage  on  the  aircraft, 

(ii)  the  efficiency  with  which  the  aircraft  is  operated  within  the  bounds 
of  its  flight  limitations, 

(iii)  the  unusual  occurrences  caused  by  environment,  operational  usage  or 
malfunction  of  Borne  part  of  the  aeroplane. 

In  order  to  acquire  the  data  to  achieve  these  basic  aims,  continuous 

trace  recorders  were  fitted  to  several  aircraft  in  normal  airline  service  and 

have  provided  data  on  indicated  airspeed,  normal  acceleration,  barometric 

height,  outside  air  temperature,  control  surface  movement,  aircraft  heading, 

autopilot  mode  and  flap  usage.  The  scope  of  the  recording  has  recently  been 

extended  to  include  pitch,  roll,  Mach  number,  throttle  setting  and  a  number  of 

other  parameters,  such  as  radio  height,  and  deviation  from  ILS  glide  path, 

specifically  chosen  to  make  detailed  studies  of  landings.  At  present  data 

are  accumulating  at  the  rate  of  10000  hr  per  year  and  have  thus  enabled  a 
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variety  of  investigations  to  be  made.  Unusual  occurrences  (Special  Events) 
have  been  examined  in  a  manner  not  possible  with  earlier  recording  methods; 
these  have  assisted  in  accident  investigation  and  have  indicated  the  causes  of 
seme  aircraft  handling  problems.  The  observance  of  speed  and  acceleration 
limitations  and  compliance  with  flying  instructions  have  been  analysed  and  a 
number  of  pilot  instructions  have  been  modified  as  a  result  of  these  analyses. 

Data  on  take  off  and  landings  has  also  been  forthcoming  and  have  shown 
that  multiplo  bounces  on  landing  and  heaving  oscillations  during  high  speed 
taxying  are  significant  contributions  to  loading  problems.  Theoretical 
resoarch  on  undercarriage  damping"'  is  now  to  be  co-ordinated  with  this 
operational  information  with  the  aim  of  specifying  new  requirements.  Methods 
of  analysing  the  structural  severity  of  a  landing  are  being  developed  using 
centre  of  gravity  acceleration  and  radio  altitude  information. 

The  recorded  data  have  enabled  manoeuvre  and  gust  loads  to  be  separated 

by  using  control  surface  information  thus  allowing  detailed  study  of  the 

17 

effects  of  turbulence.  A  special  study  of  turbulence  has  been  conducted  on 
an  acceleration  trace  .from  3284  flying  hours.  Prom  these  data,  the  peak  counts 
from  twonty-four  patches  of  turbulence  containing  tho  larger  loads  have  been 
extracted  and  tho  statistical  properties  compared  with  power-spectral 
predictions. 

Another  area  of  interest  that  is  being  investigated  is  the  degree  of 
warning  available  when  encountering  severe  turbulence.  Mapy  aircraft  have  a 


152 


maximum  rough  airspeed  which  is  below  the  cruising  speed  and  are  required  to 
slow  down  in  turbulence.  The  continuous  records  have  made  it  possible  to 
estimate  the  frequency  with  which  the  pilot  was  able  to  slow  down  before 
encountering  the  largest  acceleration  in  the  patch  of  turbulence.  Initial 
results  indicate  that  some  action  was  taken  by  the  pilot  in  60%  of  the  occur¬ 
rences  analysed. 

4  FATIGUE  RES3i:ARCH 

4.1  Crack  propagation 

A  series  of  crack  propagation  tests  on  10  inch  wide  sheet  panels  of 

aluminium  alloy  2024 -T3  with  length-width  ratios  of  1,  2,  3  and  4  has  been 
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completed  .  These  tests  examined  the  variation  in  crack  propagation  rates 

with  panel  width  under  nominally  the  same  mean  and  cyclic  stresses.  The  results 

2 

indicated  that  at  the  highest  nominal  stress  10000  ±8000  lb/in  ,  the  measured 
crack  growth  rates  varied  with  length-width  ratio.  The  highest  rate  recorded 
was  on  the  1  :  1  panel  with  the  2  :  1  and  3  :  1  panels  some  h-0%  lower.  Strain 
gauge  examination  of  the  strain  field  at  the  test  section  indicated  that  a 
correlation  existed  between  the  crack  growth  rate  and  the  measured  static 
strain  distribution.  It  was  recommended  that  a  length-wide  ratio  of  2  :  1 
should  be  adopted  as  a  standard  crack  propagation  test  piece.  This  avoids 
the  higher  strains  at  the  test  section  recorded  in  the  1  :  1  panel  which  were 
thought  to  be  caused  by  end  effects  and  also  it  avoids  the  possibility  of 
panel  resonance  effects  if  longer  panels  are  used. 

A  test  programme  to  investigate  one  aspect  of  the  influence  of  stringer 
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geometry  on  crack  propagation  in  stiffened  L72  sheet  has  been  completed  .  For 
these  tests  stiffeners  were  araldite  bonded  to  the  sheet,  transversely  to  the 
axis  of  loading  and  the  ciack  propagated  between  and  parallel  to  the  stiffeners. 
Two  types  of  stiffener  were  tested,  both  providing  similar  restraint  in  the 
plane  of  the  sheet  but  one  presenting  much  greater  lateral  stiffness  to  sheet 
bowing.  It  was  found  that  both  types  of  stiffener  reduced  crack  propagation 
rate  to  a  similar  and  marked  extent  once  the  crack  had  exceeded  about  20%  of 
critical  crack  length.  It  was  deduced  that  the  crack  growth  rate  depends  on 
the  restraint  provided  in  the  piano  of  the  sheet  and  that  the  ability  of  a 
stiffener  to  prevent  bowing  or  buckling  is  of  little  consequence  in  flat 
specimens  under  uniaxial  loading. 

As  part  of  a  programme  of  tests  at  room  temperature  on  mill  annealed  and 
duplex  annealed  American  manufactures  Tl-8  Al-1  Ko-IV  alloy  sheets,  fluctuating 
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tension  fatigue  tests  have  been  made  on  plain  and  holed  test  pieces  .  Fatigue 
crack  propagation,  residual  strength  and  fracture  toughness  tests  have  also 
heen  conducted.  The  results  indicated  that  the  duplex  annealed  material  had 
superior  toughness  and  at  low  stress  levels  an  improved  fatigue  crack  propaga¬ 
tion  performance,  compared  with  mill  annealed  material.  These  improvements 
were  gained  at  a  small,  approximately  5%,  drop  in  tensile  strength. 

The  effects  of  environment  and  test  frequency  on  crack  propagation  in 

aluminium  alloys  are  being  studied.  Tests  of  aluminium  alloy  RR  58  in  wet 

21 

air,  dry  air,  water  vapour  and  oxygen  and  vacuo  have  been  completed  and  the 
results  indicate  that  for  this  alloy  the  observed  frequency  effects  are  likely 
to  be  due  to  environmental  corrosion. 

A  bend  method  of  measuring  the  crack  propagation  characteristics  of 
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thick  sections  has  recently  been  developed  at  the  R.A.E.  The  apparatus 
consists  essentially  of  a  cantilever  beam  22  inches  long  with  a  test  piece 
6  inches  x  £  inch  x  1  inch  forming  the  centre  section  of  the  beam  and  having 
a  jj  inch  deep  crack  starting  notch.  The  cantilever  is  rigidly  clamped  at  one 
end  and  oscillated  through  a  known  amplitude  at  the  free  end  by  means  of  an 
eccentric  driven  by  an  electric  motor.  The  throw  of  the  eccentric  can  be 
varied  in  fixed  steps  to  set  the  stress  in  the  test  piece  at  the  start  of 
the  teat.  Since  the  bending  moment  will  reduce  as  the  crack  propagates  a 
strain  gauge  system  has  been  developed  to  monitor  the  change  in  bending  moment 
with  crack  propagation  rate.  The  cycling  frequency  can  readily  be  ohanged 
by  using  a  variable  speed  driving  motor. 

Tests  have  been  conducted  on  a  number  of  materials,  including  a 

65  tons/in  EN24  steel.  The  results  from  these  tests  indicate  good  agreement 

with  similar  crack  propagation  tests  in  tension.  Some  tests  have  been  conducted 

at  100°C  with  the  same  apparatus  and,  for  these  tests  a  special  remote  measuring 
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electric  resistance  method  of  measuring  crack  length  has  been  developed  • 

Furthor  elevated  temperature  tests  are  planned  extending  up  to  300°C.  Results 

are  presented  in  torms  of  a  crack  rato  versus  crack  tip  stress  (or  strain) 

intensity  factor  and  a  general  law  for  fatigue  crack  propagation  based  on  crack 

,24 

tip  strain  has  been  proposed  . 

Tho  results  of  work  on  crack  propagation  at  the  National  Engineering 

Laboratory,  East  Kilbrido  has  revealed  a  different  approaeh  to  the  problem  of 

25 

determining  tho  conditions  for  fatigue  crack  propagation.  A  report  has  been 
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prepared  discussing  the  effects  of  a  tensile  mean  stress  on  the  value  of  the 

cyclic  stress  necessary  just  to  cause  an  edge-crack  of  length  l  to  grow  in  a 

mild  steel  plate.  The  results  follow  the  same  general  pattern  of  behaviour  as 

was  found  under  completely  reversed  loading  cycles,  that  is,  whether  or  not  a 

crack  grows  depends  on  the  value  of  the  parameter  cr^g;  if  >  C  (an 

experimental  constant)  a  crack  will  grow,  if  <  C  a  crack  remains  dormant. 

However,  the  value  of  C  when  a  tensile  mean  stress  is  present  cannot  be 

predicted  simply  from  the  corresponding  zero  mean  load  value,  since  as  the 

tnesiie  mean  stress  increases  it  appears  to  approach  the  value  of  cr^C, 

derived  from  the  crack  growth  rate  relationship  for  mild  steel,  i.e, 

-6  3 

d<’/dn  =  0.09  x  10  c r  C,  assuming  that  a  crack  will  remain  dormant  if  its 
growth  rate  is  less  than  one  atomic  spacing  per  cycle. 

Rotating  bending  tests  on  sharply  notched  specimens  (in  which  the  whole 

life  is  spent  in  propagating  a  crack  through  the  specimen  cross-section)  have 

been  carried  out  in  oil,  water  and  brine  to  study  the  effects  of  either 

keeping  the  atmosphere  away  from  the  crack  tip  or  of  a  corrosive  environment 

26 

on  the  crack  growth  rate  characteristics.  A  paper  has  been  writen  discussing 
tho  results  obtained  on  mild  steel  and  aluminium  alloy  specimens. 

27 

Tests  on  the  crack  growth  rate  characteristics  of  various  aluminium 

alloys  show  that  the  pronounced  mean  stress  dependence  of  these  alloys  is 

28 

related  to  their  fast  fracture  characteristics.  A  paper  has  also  been 

written  proposing  a  theory  of  fatigue  crack  growth  based  on  the  assumption  that 

the  crack  length  increases  each  cycle  an  amount  proportional  to  the  change  in 

length  of  that  part  of  the  crack  tip  profile  which  is  subjected  to  tensile 

stresses.  Experimental  work  has  started  to  determine  the  rate  of  crack  growth 

at  low  frequencies  (approx.  10  c/min)  and  high  stress  levels  in  order  to  check 

the  validity  over  a  wide  range  of  conditions  of  the  previous  crack-growth  data 

accumulated  at  high  testing  frequencies  and  relatively  low  stress  levels.  An 

infra-red  photographic  technique  for  monitoring  crack  growth  rate  of  high 

29 

temperature  crack  propagation  tests  is  being  developed  .  Preliminary  results 
indicate  that  the  crack  tip  is  defined  accurately  thus  allowing  accurate 
measurements  to  be  made. 

4.2  Residual  strength  and  fracture  toughness  investigations 

During  the  past  two  years  there  has  been  increasing  interest  in  fracture 
mechanics  and  more  facilities  for  fracture  toughness  testing  have  been  made 
available. 
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A  great  deal  of  data  on  the  value  of  the  fracture  toughness  parameter  in 
the  three  principal  directions  is  being  accumulated  for  both  aluminium  and 
titanium  alloys.  The  effects  of  testing  techniques,  such  as  the  speed  and  form 
of  loading,  the  level  of  the  fatigue  stress  for  crack  formation  and  the  size 
and  design  of  the  specimen,  on  the  measured  value  of  the  parameter  are  being 
investigated.  Alloy  composition  variations  are  being  tried  to  give  optimum 
fracture  toughness  values  without  excessive  reduction  in  other  important 
properties  such  as  U.T.S.,  fatigue  resistance  and  stress  corrosion  resistance. 
The  heat  treatment  end  position  of  the  specimen  from  within  a  forging  are 
variables  being  studied.  y 

It  is  generally  acknowledged  that  the  fracture  toughness  parameter  \ 
is  of  value  at  the  design  stage  when  assessing  the  various  properties  of  the 
candidate  materials  but  it  is  not  so  certain  to  what  extent  can  be  used 
quantitatively  in  a  serivce  problem.  The  difficulty  appears  to  lie  in  the 
complex  stress  analysis  problem  which  so  often  obtains  in  the  vicinity  of 
cracks  which  occur  in  "solid"  structural  components.  As  a  first  step  some 
fifteen  problems  have  been  listed  (e.g.  loaded  hole  with  asymmetrical  corner 
crack)  which  typify,  in  a  simplified  form,  the  types  of  problem  that  have 
arisen.  Theoretical  stress  analysis  solutions  exist  for  two  or  three  only 
of  these  problems  and  a  programme  of  work  is  being  considered  aimed  at  approxi¬ 
mate  solutions  to  be  checked  by  experiment  for  the  other  cases.  If  this  work 
is  fruitful,  it  may  be  possible  to  relate  the  service  problem,  for  which 
adequate  theoretical  analysis  may  be  impossible  in  the  time  available,  to  one 
of  the  simplified  cases  and  thus  to  obtain  quickly  at  least  some  quantitative 
appreciation  of  the  problem. 

Static  strength  tests  on  plates  and  sheets  of  steels  of  differing 
strengths  and  ductilities  containing  fatigue  cracks  of  different  lengths  have 

been  carried  out  to  determine  values  of  the  fracture  mechanics  parameter  K. 

50  ° 

The  rosults  obtained,  together  with  data  taken  from  the  literature,  show  that 

there  is  a  correlation  between  K^c  and  the  reduction  of  area  measured  in  a 

conventional  tensile  tost.  Tosts  to  determine  the  fatigue  crack  grwfch 

characteristics  and  K.  for  beryllium  copper  sheets  heat  treated  to  various 

10  31 

ductilities  have  also  been  carried  out.  Results  so  far,  together  with  some 
test  results  for  perspex  suggest  that  for  a  constant  reduction  of  area,  is 
proportional  to  tho  square  root  of  Young's  modulus.  As  part  of  a  collaborative 
research  programme,  tests  to  determine  Iv^ c  have  been  started  on  fatigue  cracked 
high  strength  steel  specimens. 
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The  residual  strength  of  L65  joint  specimens  cracked  in  fatigue  was 

discussed  in  a  previous  review  paper  .  A  report  covering  the  full  details  of 

32 

the  test  programmes  and  results  has  now  been  formally  issued  • 

As  an  extension  to  a  fatigue  substantiation  exercise,  twenty  D.T.D.  683 

spar  booms  have  been  statically  tested  after  allowing  fatigue  cracks  to 

33 

propagate  to  varying  depths  within  the  spars.  The  results  confirmed  that  a 
large  reduction  in  static  strength  results  from  a  very  small  fatigue  cracked 
area,  for  example  a  1 0°b  loss  of  area  due  to  a  fatigue  crack  reduced  the  statio 
strength  of  the  spar  by  70%, 

4.3  Fatigue  of  pressure  vessels 

The  test  programme  in  an  internal-pressure  combined-stress  fatigue  machine 

has  now  commenced;  the  first  stage,  viz.  the  determination  of  the  stress/ 

endurance  curve  for  cylinders  of  diameter  ratios  K  =  1.20  and  2.0  subjected  to 

pulsating  internal  pressuro  only  is  nearing  completion.  A  complementary 

programme  of  similar  tests  on  thin  walled  cylinders  of  larger  diameter  i.e. 

2 

K  =  1.015  has  also  been  commenced,  using  new  2  ton/in  capacity  pulsating 
pressure  equipment. 

4.4  Cumulative  damage  studies 

Initial  investigations  on  cumulative  damage  studies  being  conducted  at 

-] 

the  Royal  Aircraft  Establishment  were  reported  at  the  1 965  I.C.A.F.  Conference  • 

This  work  is  continuing;  the  object  being  the  development  of  a  method  of 
life  prediction  based  on  the  use  of  data  obtained  under  random  loading  condi¬ 
tions.  The  results  of  tests  on  aluminium  alloy  specimens  showed  Miner's  Rule 
to  underestimate  fatigue  life,  when  using  data  obtained  under  sinusoidal 
loading  conditions,  by  a  factor  which  increased  with  value  of  maximum  stress  in 
the  stress-time  history.  This  also  applied  to  the  rule  based  on  random  loading 
data,  but  the  life  factor  (g  n/N)  was  not  as  great  as  for  Miner’s  Rule, 
indicating  some  improvement  in  prediction  for  the  new  rule.  It  is  believed 
that  those  results  can  be  explained  by- consideration  of  the  beneficial  effects 
of  residual  stresses,  at  stress  concentrations,  which  result  from  plastic 
deformation  under  high  loads  in  the  stress-time  history;  as  a  result  of  the 
plastic  deformation  the  mean  stress  is  effectively  reduced  at  the  point  of 
fatigue  initiation.  Such  considerations  can  also  explain  the  increase  in  £  n/N 
with  mean  stress  .  i/ork  is  now  in  progress  on  a  programme  using  L65  end  RR58 
lug  specimens,  investigating  the  effect  of  mean  and  peak  stress  on  fatigue 
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life  prediction.  The  first  part  of  this  work,  the  effect  of  mean  stress,  is 
well  advanced,  the  results  so  far  showing  the  expected  increase  in  2  r/N  with 
"both  mean  and  peak  stress.  The  next  £tage  in  the  work  will  be  to  test  the 
cumulative  damage  behaviour  of  lug  specimens  under  narrow  band  random  loading 
conditions,  first  with  initial  residual  stresses  due  to  preloading,  and 
subsequently  with  high  tensile  and/or  air-ground-air  cycles  at  various  stages 
in  the  fatigue  life. 

In  support  of  the  main  cumulative  damage  effort  which  is  using  only 
narrow  band  random  loading  to  represent  the  variable  amplitude  loading  condi¬ 
tion,  a  programme  'has  just  been  started  to  assess  the  effect  of  power  spectrum 
shape  on  the  fatigue  behaviour  of  L65  lug  specimens  under  stationary  and 
variable  rms  random  loading  conditions.  Tests  will  be  carried  out  using 
narrow  band,  wider  band  single  hump,  bimodal  and  low  pass  filter  power  spectrum 
shapes,  together  with  comparative  block  programmed  tests. 

The  effect  of  loading  waveform  is  to  be  investigated  on  aluminium  alloy 
notched  specimens.  First  tests  will  use  a  trapezoidal  waveform  and  will 
explore  the  effects  of  varying  frequency,  loading  rate,  and  the  period  of 
dwell  at  peak  loads  in  order  to  assess  the  relative  importance  of  these  para¬ 
meters  to  fatigue  endurance. 

The  National  Engineering  Laboratory  have  also  initiated  a  research 

35 

programme  on  cumulative  damage.  A  large  number  of  direct-stress  and  rotating- 
bending  tests'^*  on  plain  and  sharply-notched  specimens  of  mild  steel,  aluminium 
alloy  and  brass  have  been  carried  out,  using  various  load  programmes,  to  obtain 
a  general  background  knowledge  of  the  effects  of  varying-amplitude  stresses 
on  fatigue  life  and  to  establish  the  shortcomings  of  existing  methods  of 
enduranco  prediction.  Most  rocent  work  has  been  concentrated  on  more  accurate 
simulation  of  service  conditions  uping  two  random-loading  rigs"^  which  apply 
a  Rayleigh  distribution  of  random  stress  amplitudes  and  a  new  machine  with 
which  the  stress  can  be  programmed  on  seven  levels  in  a  regular  or  random 
mannor  by  means  of  a  punched  tape  input. 

if.  5  Monitoring  of  fatigue  damage 

Two  now  methods  which  may  give  a  measure  of  the  relative  severity  of 
fatigue  loadings  in  aircraft  structural  members  are  at  present  being  assessed, 
using  structural  elements. 
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In  the  first  method,  which  was  developed  in  the  United  States,  a  "fatigue 
life  gauge"  is  bonded  to  the  element.  The  gauge  undergoes  a  progressive  change 
of  resistance  under  strain  cycling  and  this  resistance  change  may  be  used  as  a 
measure  of  the  overall  severity  of  the  loading  action.  Preliminary  tests  at 
R.A.E.  and  in  Industry  have  confirmed  however,  that  the  change  of  resistance  of 
the  gauge  is  proportional  to  the  work  done  in  strain  hardening  the  gauge  material 
and  is  not  affected  by  load  sequence  effects  which  may  in  fact  greatly  influence 
the  fatigue  life  of  the  parent  member,  i.e.  the  gauge  is  carrying  out  a  process 
more  or  less  analogous  to  the  Palmgren-Miner  cumulative  damage  sum.  The 
comparatively  high  threshold  sensitivity  of  the  gauge,  somewhat  above  1000  micro 
strain,  causes  difficulty  in  application  and  work  is  in  progress  in  Industry 
to  develop  a  simple  strain  multiplying  device  to  overcome  this  problem. 
Notwithstanding  the  limitation  of  the  gauge  in  the  present  state  of  develop¬ 
ment,  work  is  going  ahead  on  possible  applications  to  service  problems. 

In  the  second  method,  a  thin  sheet  coupon  containing  a  small  fatigue 
crack  is  attached  to  the  element  so  that  it  undergoes  a  strain  history 
corresponding  to  that  experienced  by  the  element.  The  consequent  growth  of 
the  crack  in  the  coupon  may  give  an  adequate  measure  of  the  amount  of  fatigue 
damage  suffered  by  the  element.  It  is  hoped  that  this  type  of  coupon  will 
prove  to  be  more  satisfactory  than  the  notched  coupons  tried  previously  in  that 
it  should  give  a  continuous  indication  of  the  accumulation  of  fatigue  damage 
without  the  scatter  associated  with  nucleation  in  the  notched  coupons. 

4.6  Fatigue  of  bolts 

38 

An  investigation  has  been  made  of  the  fatigue  performance  of  a  bolt 
when  the  seating  of  the  nut  is  inclined  to  the  axis  of  the  bolt.  For  these 
tests  £•  inch  S.96  steel  bolts  were  used  having  4  inch  B.S.F.  machined  threads. 

The  steel  bolts  were  tested  in  fluctuating  axial  tension  for  inclinations  of 
nut  seating  in  the  range  0°  to  4°. 

It  was  found  that  there  was  a  progressive  reduction  in  endurance  with 
inclination,  the  highest  rate  of  reduction  occurring  at  an  inclination 
between  1  and  2  .  The  reduction  in  endurance  also  varied  with  stress  level, 
being  most  marked  at  low  stress  amplitudes.  The  corresponding  reductions  in 
fatigue  strength  for  a  given  endurance  are  significant.  For  example,  1° 
inclination  can  reduce  fatigue  strength  at  10^  cycles  by  40^o. 
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4.7  Fatigue  properties  of  a  new  Al-Zn-Kg  alloy 

Testa  have  been  commenced  on  a  new  A1  Mg  Zn  alloy  which,  in  plain  specimen 
form,  has  shown  considerably  better  fatigue  perfomrnace  than  the  commonly-used 
Cu  and  Zn  aluminium  alloys.  Lug  and  joint  specimens  in  the  new  alloy  and  in 
L65  are  being  tested  comparatively  under  constant  amplitude  and  variable 
amplitude  loading. 

4.8  Fretting-fatigue 

39 

A  Report  has  been  prepared  on  the  effect  of  mean  stress,  range  of  slip 

2 

and  clamping  conditions  on  the  fretting-fatigue  strength  of  a  67  tor/in  En  26 
alloy  steel.  Similar  work  on  L65  aluminium  alloy  has  proceeded;  the  original 

programme  employing  ~  ton/in  contact  pressure  is  being  supplemented  by  farther 

2  2 
tests  under  2  ton/in  contact  pressure.  Comparative  tests  on  a  100  tory'in 

En  30B  steel  have  been  completed  and  a  report  is  being  prepared. 

The  fretting-fatigue  strength  under  zero  mean  stress  of  rough-machined 
specimens  (200  micro-inch  C.L.  A. )  of  the  En  26  steel  was  about  double  that 
of  polished  specimens  (4  micro-inch  C.L. A.);  a  similar  but  less  pronounced 
effect  of  rough-machining  was  observed  for  the  L65  aluminium  alloy.  In  the 
case  of  the  En  26,  tests  have  also  been  carried  out  on  rough-machined  specimens 
stress -relieved  in  vacuo  before  the  fretting-fatigue  test.  These  indicated 
that  the  higher  fretting-fatigue  strength  of  the  rough-machined  specimens  was 
chiefly  due  to  favourable  machining  stresses. 

Anti-fretting  treatments  investigated  recently  have  included  a  copper¬ 
boaring  grease,  locking  liquids  and  cold  polymerising  resins  (with  reinforce¬ 
ments  including  a  commercial  mica-iron  oxide  mixture),  glass  beads  and  a 
single  fabric  layer.  When  incorporated  into  a  bonded  layer  of  epoxy  resin,  the 
latter  was  very  effective  on  the  L65  under  2  tor/in  contact  pressure  at 
moderate  slips,  but  wore  through  in  a  million  cycles  at  a  slip  range  of  2  x  10  ^  in. 
Commercially  bonded  coatings  of  molybdenum  disulphide  increased  the  fretting- 

fatigue  strength  of  the  En  26  by  50  per  cent  under  zero  mean  stress  but  had  no 

2 

effect  undor  mean  stresses  of  25  ton/in  and  above.  A  similar  treatment  applied 
to  the  L65  had  little  effect  on  its  fretting-fatigue  strength. 

4.9  Basic  mechanisms 

Some  metallographic  studies  on  shear  mode  fatigue  fractures  in  aluminium 
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alloys  AL-7.5  Zn-2,5  Kg  and  Al-2.5  Cu-1.5  Kg  have  been  conducted  .  It  has  been 
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demonstrated  using  optical  and  transmission  electron  metallography  that  damage 
zones  are  produced  by  reversed  slip  ahead  of  shear  mode  fatigue  cracks. 
Examination  of  shear  mode  fatigue  fractures  using  fractography,  optical 
metallography  and  the  Laue  back  reflection  technique,  has  shown  that  shear 
modes  fracture  occurs  on  [ill]  planes. 

A  comparison  has  been  made  of  the  fatigue  behaviour  of  two  aluminium- 
41 

zinc-magnesium  alloys  .  The  torsional  fatigue  deformation  of  two  aluminium 
alloys,  Al-7.5  Zn-2.5  Mg  and  Al-4  Zn-5  Kg,  has  been  examined  in  various  condi¬ 
tions  of  heat  treatment.  Two  well  defined  deformation  modes  were  observed, 
one  in  which  localised  trans-crystalline  slip  produced  narrow  zones  of 
precipitate  re-solution,  and  another  in  which  localised  deformation  occurred 
in  the  precipitate  depleted  zones  at  the  grain  boundaries.  An  attempt  was 
made  to  correlate  the  torsional  deformation  modes  of  the  two  alloys  with  the 
fracture  modes  observed  on  rotating  bending  corrosion  fatigue  test  pieces.  It 
was  found  that  test  pieces  of  the  Al-7.5  Zn-2.5  Mg  alloy,  subjected  to 
torsional  fatigue  in  certain  conditions  of  heat  treatment,  exhibited  localised 
trans-crystalline  deformation  and  precipitate  re-solution,  and  that  rotating 
bending  test  pieces  in  these  same  conditions  of  heat  treatment  exhibited 
extensive  shear  mode  crack  growth  when  fatigued  in  aqueous  yfo  NaCl  solution. 

In  the  Al-4  Zn-5  Mg  alloy  there  was  no  correlation  between  localised  trans¬ 
crystalline  torsional  fatigue  deformation  and  shear  mode  failure  on  rotating 
bending  corrosion  fatigue  test  pieces.  In  the  latter  alloy  the  grain  boundaries 
exhibited  a  high  corrosion  susceptibility  and  the  initial  shear  mode  growth 
stage  was  replaced  by  inter crystalline  crack  growth. 
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Further  work  has  been  done  in  comparing  the  fatigue  behaviour  and 
microstructural  damage  that  occurs  in  two  aluminium  alloy  compositions,  Al-7.5 
Zn-2.5  Kg  and  Al-4  Zn-5  Kg.  Particular  emphasis  has  been  placed  on  the  relation 
between  corrosion  fatigue  and  stress  corrosion  in  these  two  compositions.  It 
can  be  shown  that  the  former  alloy  in  the  fully  age  hardened  condition  fails 
in  a  trans-crystalline  mode  in  both  air  and  NaCl  solution  whereas  changing 
the  environment  with  the  second  alloy  changes  the  mode  of  fracture  encouraging 
inter-crystalline  crack  growth.  Furthermore  this  inter-crystalline  fatigue 
crack  growth  is  similar  in  mechanism  to  stress  corrosion  failure  in  this  alloy. 
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A  detailed  study  of  the  corrosion  fatigue  and  stress  corrosion  cracking 
of  the  Al-4  Zn-5  Mg  alloy  has  also  been  conducted  in  two  conditions  of  heat- 
treatment,  i.e.  aged  to  peak  hardness  at  120°C  and  at  150°C.  The  frequency 
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used  for  most  of  the  fatigue  tests  was  20  c/min,  but  comparisons  have  been  made 
at  frequencies  of  180  and  1500  c/min.  The  s/log  n  curve  at  20  c/min  showed  a 

i 

clearly  defined  "knee"  and  fatigue  limit.  Progressively  lower  fatigue  lives 
were  obtained  at  the  higher  test  frequencies.  All  crack  paths  were  inter¬ 
crystalline  under  both  corrosion  fatigue  and  stress  corrosion  conditions, 
although  air  fatigue  cracks  in  this  material  are  mainly  trans-crystalline.  The 
effect  of  both  anodic  and  cathodic  polarization  have  been  studied.  Marked 
changes  in  crack  growth  rate  were  observed  when  a  fatigue  specimen  was  alter¬ 
nately  made  anodic  and  cathodic  in  a  3,j  NaCl  solution  against  either  a 
platinum  or  aluminium  electrode  with  an  externally  impressed  current.  Similar 
changes  in  crack  growth  rate  could  be  obtained  with  impressed  currents  under 
steady  stress  corrosion  conditions.  Stress  corrosion  crack  growth  rates  have 
been  shown  to  be  dependent  on  the  chloride  ion  concentration  of  electrolytes 
used,  suggesting  a  metal  dissolution  mechanism  of  stress  corrosion  in  this 
material. 

5  DESIGN  DATA  ON  MATERIALS  AND  STRUCTURAL  ELEMENTS 

•Thilst  the  basic  research  work  described  in  the  preceding  sections 
provides  for  a  greater  understanding  of  particular  phenomena,  it  can  never 
provide  information  in  sufficient  depth  for  the  aircraft  designer.  Therefore 
extensive  test  programmes  are  initiated  to  evaluate  the  properties  of  various 
forms  of  engineering  materials.  These  investigations  cover  batch-to-batch 
variations  of  material  from  various  sources.  Prom  these  the  overall  average 
properties  of  the  material  can  be  evaluated,  as  well  as  the  relevant  scatter 
information.  A  probability  method  can  then  be  used  to  determine  safe  design 
values. 

The  basic  fatigue  properties  of  materials  at  room  temperature  form  a 
large  proportion  of  the  work  done  in  this  field  and  examples  of  recent  work 
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reported  are  the  fatigue  strengths  of  pre-forged  RR  58  plate  of  extruded 

45  k£ 

DTD  50*4  bar  and  of  extruded  DTD  5014  sections  . 

As  previously  mentioned  the  Concord  project  has  inevitably  demanded 
information  on  creep-fatigue  interaction  on  various  materials.  The  design 
data  tests  so  far  implemented  include  fatigue  tests  without  creep  periods, 
fatiguo  tests  with  creop  and  simple  creep  tests  without  fatigue.  The  fatigue 
cycles  0— P—0  and  Pip  are  both  used  considerably  but  consideration  is  being 

given  to  a  Gassner  type  of  loading  with  a  Rayleigh  distribution  of  peak  loads. 

1 

A  report  covering  recent  work  on  2024-T81  material  has  been  prepared. 
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In  addition  to  the  above  mentioned  work  on  materials,  a  large  amount  of 
work  is  "being  done  on  the  fatigue  of  hydraulic  tubes  and  tests  covering  the 
temperature  range  -40°C  to  225°C  have  recently  been  concluded^. 

Publication  of  the  above  work  is  sometimes  done  in  official  documents 
and  sometimes  in  Data  Sheets  issued  by  the  Royal  Aeronautical  Society*  In 
particular  the  Technical  Department  of  the  R.Ae.S.  under  the  guidance  of  its 
Fatigue  Committee  has  published  Data  Sheets  on  the  following  subjects  in  the 


last  two  years 

Supplementary  notes  on  the  fatigue 
strength  of  aluminium  alloys. 

Effect  of  mean  stress  on  endurance  of 
aluminium  alloys. 

Fatigue  limit  of  steels. 

Brief  specification  of  axial  loading 
fatigue  testing  machines. 

Estimation  of  endurance  of  pin  joints. 

Fatigue  crack  propagation  rates. 

Stress  concentration  data. 

Introduction  to  design  information 
on  acoustic  fatigue. 

Definitions  of  terms  for  acoustic 
fatigue  analysis. 

Short  bibliography  on  acoustic  fatigue. 

General  principles  for  design  of 
acoustically  excited  structure. 

Bandwidth  correction. 

Combination  of  levels  in  dB. 


-  Information  on  effects  of  type  of 
loading,  surface  treatments  and 
surface  condition. 

-  typical  S-N  curves  for  3  groups  of 
aluminium  alloys. 

-  Correlated  experimental  data. 

-  Tabular  summary  of  machine 
capacities. 

-  Semi-empirical  method  for  single  or 
multi-pin  joints  with  or  without 
interference  (revision). 

-  Correlated  data  for  DTD  5070A 
aluminium  alloy. 

-  Revised  and  extended  data  on  a  wide 
range  of  bar,  tube  and  plate 
geometries. 

-  Outline  of  design/analysis  procedure. 


-  Brief  summary  of  good  design 
practice. 

-  Conversion  curves. 
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The  relation  between  sound  pressure  -  Conversion  curves, 
level  and  rms  fluctuating  pressure. 

Natural  frequencies  of  uniform  flat  -  Theoretical  curves* 
plates. 

Natural  frequencies  of  flat  sandwich  -  Theoretical  curves  and  Algol 
panels.  program. 

Estimation  of  rms  stress  in  skin  panels  -  Approximate  theoretical  method, 
under  acoustio  loading. 

Endurance  of  riveted  skin-rib  flange  -  Experimental  data, 
connections. 

The  Committee  is  currently  considering  the  following  items: 

Endurance  of  bolts.  -  Revision  and  extension  of  data,  in 

conjunction  with  I.Mech.E.  Committee. 

Endurance  of  steels.  -  Correlated  data. 

Endurance  of  cylinders,  under  -  Correlated  data, 

internal  pressure. 

Statistical  methods  in  fatigue  -  Extension  of  existing  information 

analysis*  to  include  extreme  value/rreibull 

distributions. 

6  FULL  SCALE  TESTING 

The  policy  of  doing  full  side  testing  on  all  major  projects  has  been 
maintained  and  there  is  a  growing  tendoncy  for  these  tests  to  be  more  complex. 

In  one  major  test  which  is  now  almost  finished,  the  loading  sequence  within 
each  simulated  flight  was  randomised.  Each  flight  was  divided  basically  into 
three  levels  of  gusts  and  three  levels  of  manoeuvres  with  a  predetermined 
number  of  cyclos  of  each  level  within  each  flight.  An  additional  high  level 
manoeuvre  load  was  applied  at  each  hundredth  flight.  In  each  flight,  the  gust 
loads  were  appliod  first  and  were  followed  by  the  manoeuvre  loads.  This  was 
necessary  to  allow  for  a  change  in  loading  condition  between  the  two  sets  of 
loads.  The  gust  loads  were  broken  down  into  three  positive  half  cycles  relative 
to  the  1  g  flight  condition  and  threo  negative  half  cycles.  The  order  in  which 
those  v;oro  applied  was  determined  by  random  selection,  but  once  the  total 
number  of  cycles  of  a  given  lovol  for  a  particular  flight  had  been  applied,  any 
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further  selections  of  that  level  were  ignored  for  the  remainder  of  that  flight. 
A  similar  system  of  selection  was  used  for  the  three  manoeuvre  load  levels  eaoh 
cycle  of  which  consisted  of  an  excursion  from  1  g  to  the  positive  level  oho sen, 
down  to  an  associated  level  below  1  g  and  return  to  1  g.  No  difficulties  have 
been  experienced  in  running  this  system.  .Another  major  test,  about  to  start 
in  the  near  future,  will  also  use  a  randomised  sequence  on  a  flight  by  flight 
basis.  In  this  case  however,  no  restriction  will  be  made  on  the  number  of 
loads  at  a  given  level  within  a  particular  flight  but  reliance  will  be  placed 
on  defining  the  overall  proportions  of  the  various  load  levels,  so  that  in  a 
reasonably  long  sample  the  numbers  of  loads  at  each  level  will  approximate 
closely  to  that  required.  Since  the  programme  will  be  predetermined  and  stored 
on  tape,  the  actual  numbers  of  cycles  at  any  level  at  any  time  will  be  known 
accuratoly.  In  this  system,  although  gust  loads  have  again  been  broken  down 
into  positive  and  negative  half  cycles  a  restriction  will  be  imposed  to  ensure 
that  a  positive  half  cycle  is  always  followed  by  a  negative  half  cycle  but  not 
necessarily  of  the  same  magnitude.  Mention  was  made  in  section  2.5  that  for 
the  Concord  component  tests  provision  is  made  for  pre -randomized  load  sequences 
controlled  and  monitored  by  computers. 

The  ground  to  air  load  cycle  has  been  a  significant  part  of  major  tests 
for  some  time  and  the  ground  phase  of  tests  has  been  extended  by  applying 
ground  taxying  loads.  The  need  for  these  ground  loads  has  been  emphasised  by 
instances  of  upper  wing  surface  fatigue  cracks  outboard  of  undercarriage 
stations.  It  is  considered  that  these  fatigue  cracks  are  the  direct  consequence 
of  tensile  load  oscillations  during  taxying.  It  is  worthwhile  noting  that  in 
this  respoct  aircraft  having  undercarriages  attached  only  to  the  fuselage 
would  appear  to  bo  particularly  vulnerable  to  this  typo  of  failure. 

During  the  period  of  this  roport  several  civil  aircraft  types  have  been 
fatigue  tested:  in  particular  the  H.S.A.  Trident  and  the  B.A.C.  V.C.10  and 
111  aircraft.  The  particular  feature  of  the  Trident  and  V.C.10  test  programme 
was  the  use  of  a  single  full  scale  test  specimen  to  cover  both  the  static  and 
fatigue  clearance  of  the  aircraft. 

In  the  case  of  the  Trident,  the  fatigue  programme  was  sub-divided  into 
flights  of  three  basic  severities  each  containing  multi-amplitude  gust  loads  as 
well  a.s  ground  to  air  cycles  and  taxy  loads.  The  specimen  wa s  initially  loaded 
to  50??  of  ultimate  to  check  stress  calculations  and  then  fatigue  cycled  for 
10000  test  fatigue  cycles  before  static  proof  loading  to  66.6%  of  ultimate. 
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This  type  of  testing,  with  fatigue  cycles  regularly  interspersed  with  static 
load  applications  continued  successfully  to  60000  test  flights.  At  4-0000  test 
flights  artificial  cracks  (saw  outs)  were  introduced  into  one  wing  in  order  to 
study  crack  propagation  rates  and  residual  strength  characteristics.  It  is 
now  planned  to  continue  the  testing  on  to  100  000  flints. 

The  V.C.10  test,  however,  concentrated  most  of  the  statio  tests  prior  to 
the  fatigue  load  application  although  no  static  loads  were  applied  in  exoess 
of  proof  loading.  The  fatigue  loads  were  applied  flight  by  flight  in  blook 
programme  form  with  ground  to  air  oycles  and  taxy  loads.  The  pressure  cabin 
was  not  fatigue  cycled  since  the  hoop  stresses  due  to  pressurization  were 
small.  However  a  proof  load  test  was  conducted  on  the  fuselage  using  air  as 
the  pressurization  medium;  the  cabin  being  filled  with  foam  plastic  to  reduce 
the  explosion  risk. 

The  B.A.C.111  aircraft  was  tested  in  a  more  conventional  manner;  there 
being  a  complete  static  strength  specimen  as  well  as  a  separate  fatigue  test 
specimen.  The  fatigue  test  is  being  conducted  in  a  water-tank  under  block 
programme  loading  with  six  gust  levels,  ground  to  air  cycles  and  taxy  loads. 

7  ACOUSTIC  FATIGUE 

7.1  Loading  actions 

Work  to  acquiro  more  data  on  certain  'acoustic*  load  inputs  has  continued. 

Flight  meausrements  of  the  spectral  density  of  pressure  fluctuations  in  thick 
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boundary  layers  have  been  completed  ,  and  indicate  that  Strauhal  number 
based  upon  boundary  layer  displacement  thickness  provides  an  adequate  frequency 
parameter  even  at  low  frequencies.  The  results  also  showed  that  the  root  mean 
square  level  of  the  pressure  fluctuations  is  still  better  related  to  kinetic 
pressure  q  rather  than  wall  stress  as  suggested  by  some  workers,  although  in 
both  cases  there  is  Mach  number  depondancy.  Preparations  are  in  hand  to 
measure  pressuro  spectra  and  special  correlation  at  M  =  2.2,  in  flight,  to 
substantiate  present  estimates  of  the  level  likely  on  Concord, 

Interest  also  continues  in  the  pressure  fluctuations  beneath  loading 

edge  vorticos  on  slender  delta  planforms.  Early  measurements  indicated  a 

potential  fatigue  hazard.  Flight  measurements  have  been  taken  on  an  HP.115 
50 

aircraft  ,  and  these  confirm  the  early  measurements  taken  in  wind  tunnels  and 
on  free -flight  tests  on  models.  The  spectral  density  under  the  vortox  shoves  a 
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two-humped  form,  the  lower  hump  being  attributed  to  the  low-f  e  uency  content 
of  the  vortex,  and  the  upper  one  to  the  boundary  layer  contr  ibution,  which  has  an 
enhanced  level  when  compared  with  the  ft?ee-stream  boundary  layer. 

Present  indications  suggest  that  this  form  of  loading  action  may  contri¬ 
bute  to  fatigue  damage  only  at  the  comparatively  high  angles  of  incidence 
associated  with  climb  and  descent,  and  also  if  appreciable  sideslip  is 
experienced.  Further  flight  measurements  of  pressure  fluctuations  are  being 
taken  beneath  the  vortex  of  the  B.A.C.221  ’ogee*  delta  at  more  representative 
Reynolds  numbers,  and  measurements  of  structural  response  are  also  being  taken 
as  a  check  on  estimates  of  the  generalised  forces  associated  with  Conoord  wing 
panel  response. 

In  the  past  two  years  a  special  form  of  jet-efflux  noise  has  arisen 
during  flight  and  has  come  to  be  known  as  shock-cell  noise.  It  is  associated 
primarily  with  highly-choked  engines,  and  is  particularly  strong  on  engines 
having  convergent-divergent  nozzles.  It  takes  the  form  of  relatively  narrow- 
band  noise,  of  high  spectral  density,  the  centre  frequency  changing  with 
altitude.  Structural  damage  from  this  cause  has  taken  place  on  two  types  of 
civil  aircraft.  Full  scale  flight  tests  are  being  conducted  by  industry,  and 
scale  model  research  is  being  done  by  N.G.T.E.  and  Industry  aimed  at  reducing 
the  intensity  of  the  noise  at  source. 

7.2  Response  of  structures  to  acoustic  excitation 

By  far  the  most  important  development  in  calculating  the  response  of  a 
structure  to  random  excitation  is  the  use  of  a  new  analytical  approach  using  a 
quasi-statistical  method  based  upon  a  model  density  concept.  Preliminary 
experiments  indicate  a  high  degree  of  correlation  with  theory  provided  a  large 
number  of  modes  are  present.  Experiments  are  now  in  hand  to  measure  the 
response  of  typical  aircraft  structures  where  errors  might  result  from  the 
presence  of  highly  preferred  modes.  The  method  also  holds  out  hope  for 
predicting  the  sound  radiated  from  aircraft  structures  excited  by  wide  band 
noise  and  a  flight  programme  is  being  carried  out,  using  a  Comet  aircraft,  to 
measure  structurally  radiated  sound,  and  to  relate  this  to  the  estimated  value 
based  upon  this  new  method  of  response  prediction. 

7.3  Acoustic  fatigue  testing 

The  acquisition  of  design  data  for  simple  structural  elements  using 
direct  excitation  from  an  electrodynamic  exciter  continues.  Some  results  have 
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been  published  in  R.Ae.S  Design  data  sheets  for  riveted  skin  stringer  interr- 
seotions  under  random  loading  and  tests  are  ourrently  in  progress  on  similar 
types  of  specimen  but  incorporating  deitail  design  changes  e.g.  inoreased 
thickness  of  skin  along  rivet  line.  Tests  are  commencing  on  box  specimens 
tested  in  a  siren  facility  to  check  whether  the  fatigue  performance  predicted 
from  the  data  on  small  elements  is  achieved  in  more  complex  structural 
assemblies.  The  work,  reported  in  the  1965  review  paper  ,  in  which  an  attempt 
was  made  to  induce  the  correct  stress  pattern  in  a  oomplete  tailplane  using 
sinusoidal  electrodynamic  excitation  proved  to  be  successful  insofar  as  stress 
distributions  could  be  induced  in  the  skin,  stringers  and  ribs  which  showed 
relative  severities  corresponding  to  those  measured  in  a  true  noise  environ¬ 
ment.  However  it  was  found  impossible  to  produce  fatigue  failures  in  a 
reasonable  time  due  to  limitations  on  power  input.  It  is  hoped  to  continue 
this  work  using  random  force  input  and  energy  levels  high  enough  to  induce 
failures.  "Ad  hoc"  work  continues  using  siren  facilities  or  jet  engines  to 
help  in  design  problems  and  problems  which  arise  in  service. 
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SECTION  I 

LABORATORIUM  F(JR  BETRI EBSFESTIG KEI T 
Darmstadt-Eberstadt 
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Improving  Fatigue  Life  by  the  Use  of  Taper-Lok  Fasteners 


Comparative  variable  amplitude  tests  employing  an  LBF  Standard  Distribution  /ref.]/ 
have  been  performed  on  2024-T3  specimens  incorporating 

countersunk  rivets 


and 


Taper-Lok  Fasteners. 


The  test  results  showed  that  the  mean  number  of  eye les-to-fai lure  N  of  the  specimens 
with  Taper-Lok  Fasteners  was  8.5  times  that  of  the  specimens  with  countersunk  rivets 
(see  Fig.  1). 


Cracking  originated  at  different  points  for  the  two  types  of  specimen,  viz. :  For  the 
countersunk-riveted  specimens  at  the  edge  of  the  rivet  hole,  and  for  the  specimens 
with  Taper-Lok  Fasteners  in  the  undisturbed  plate  near  the  bearing  surface  of  the 
nut,  or  else  at  points  where  fretting  corrosion  occurred  between  the  faying  surfaces 
in  the  area  of  the  pressure  cone  (see  Fig.  2). 

The  installation  of  the  5/16"  conical  Taper-Lok  Fasteners  induced  an  interference 
of  between  0. 0965  and  0. 122  mm. 


The  scatter  of  1  :  3.5  for  a  probability  of  survival  between  P5  =  90  percent  and 
10  percent  was  normal  for  the  countersunk-riveted  specimens,  whereas  for  the 
specimens  with  Taper-Lok  Fasteners  the  scatter  of  1  :  14.5,  attributable  to  the 
scatter  inherent  in  interference  fits  or  induced  by  different  contact  pressures,  is 
exceptionally  large. 
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Particulars 

Type  of  loading  :  axial 

Stress  ratio  R  (=  S  .  /S  )  -0.2 

min  max 

Material  :  2024- T3 

Maximum  stress  amplitude  of  :  ±17.5  kp/mm2  on  net  area 
the  load  spectrum,  Sq 

Endurance  1  :  10^  cycles 

W.  Lipp 

References 

f\J  "Verwendung  eines  Einheits-Kollektivs  bei  Betriebsfestigkeitsversuchen", 

LBF  TM  Nr.  15/65,  Laboratorium  fUr  Betriebsfestigkeit,  Darmstadt-Eberstadt. 


Glossary  of  Terms  used  in  the  Figures 


Fig.  1 

Bezogene  Lebensdauer,  N  -  reference  endurance,  N 

Probe  mit  Senknietung  -  specimen  with  countersunk  rivet 

Probe  mit  Taper-Lok  Fastener  -  specimen  with  Taper-Lok  Fastener 

Py  -  probability  of  survival,  P$ 


Fig.  2 

Einspannung  -  grips 

Bruchlage  der  Probe  mit  Senkniet  -  fracture  surface  of  the  specimen  with 

countersunk  rivet 

Bruchlage  der  Probe  mit  Taper-Lok  -  fracture  surface  of  the  specimen  with 
Fastener  Taper-Lok  Fastener 


bezogene  Lebensdauer 
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Probe  mit  Probe  mit 

Senk-Niet  Taper-Lok-Fastener 


LBF 


Lebensdauer  - 
Steigerung 
durch 

Taper-Lok-Fasteners 


854 


Fig.  1  Improving  Fatigue  Life  by  the  Use  of  Taper-Lok  Fasteners 


Fig .  2  Test  Specimen 
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Selection  of  the  Appropriate  Method  of  Analysis  fora  Statistical  Evaluation 
of  Random  Loads 

Among  the  many  methods  of  analysis  presently  available,  there  are  two  which  have 
been  used  preferably  in  recent  years,  namely  those  of  the  cumulative  frequency  of 
level-crossings  and  the  cumulative  frequency  of  range-pairs. 

These  two  methods  of  analysis,  however,  in  most  cases  render  stress  spectra  differing 
in  shape  (see  Fig.  1)  and,  naturally,  fatigue  tests  based  on  such  spectra  also  yield 
differing  fatigue  strength  results. 

Two  particularly  characteristic  types  of  actual  loading  conditions  (see  Fig.  1): 

Aj  constant  amplitude  sinusoidal  basic  oscillations,  superimposed 
by  constant  amplitude  oscillations  at  a  ratio  of  1  ;  30,  and 

constant  amplitude  sinusoidal  basic  oscillations,  superimposed 
by  stepwise  decreasing  constant  amplitude  oscillations  at  a  ratio 
of  1  :  30 

were  analysed  using  each  one  of  the  two  methods;  with  the  four  spectra  achieved, 
fatigue  tests  were  then  performed  and  the  test  results  recorded  numerically. 


For  loading  sequence  A]  ,  the  fatigue  lives  obtained  by  employing  the  two  methods 
of  analysis  differed  by  a  ratio  of  1  :  4;  for  loading  sequence  A2  ,  the  difference 
was  1  :  6.25  (see  Fig.  2).  Compared  with  the  random  loading  sequence,  the  stress 
spectrum  obtained  by  the  level-crossing  method  renders  conservative  results, 
whereas  the  spectrum  obtained  by  the  range-pair  method  renders  unconservative 
results. 
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The  lives  obtained  by  applying  Miner's  hypothesis  to  the  four  load  spectra  A]/B, 
A]  /C  ,  and  A2/B  ,  A2/C  (see  Fig.  1)  show  a  fairly  close  agreement  with  test 
results. 

Particulars 

Specimen  :  solid  circular  rod  with  diametral  hole 

Material  :  mild  steel  St  37 

Type  of  loading  :  plane  bending 
Stress  ratio  R  :  -  1 

W.  Lipp 


Glossary  of  Terms  used  in  the  Figures 
Fig.  1 


Original-Spannurigs-Ablaufe 


<*u 

sinusformige  Grundschwingung 

30  Uberlagerte  StQrschwingungen 

H]  ,  H2  .  .  .  =Anzahl  der  Grundschwin- 
gungen  mit  jeweils  30  konstant  Uberlager- 
ten  Storschwingungen 

Zugehorige  Amplituden-Kollektive 
B  und  C 

Haufigkeit  H 

Uberschreitungs-Hciufigkeiten  der 
Spannungs-Grenzen  (B)  bzw.  Spannungs- 
Bereiche  (C) 


actual  loading  sequences  (A]  ,  A2) 

Smax 

Smin 

sinusoidal  basic  oscillation 

30  superimposed  oscillations 

H] ,  H2  . . .  =  number  of  sinusoidal  basic 
oscillations,  on  each  of  which  30  constant 
amplitude  oscillations  are  superimposed 

associated  stress  spectra  B  and  C 
frequency,  H 

cumulative  frequency  of  level-crossings  (B), 
or  range-pairs  (C),  resp. 
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bezogene  Lebensdauer 
A]  bzw.  A2  =  Original-Ablauf 
B  =  Spannungs-Grenzen 
C  =  Spannungs-Bereiche 
D  =  Miner-Rechnung 
siehe  Biid  852 


Fig.  2 

-  relative  fatigue  life 

-  actual  loading  sequences.  A]  and  A2 

-  level-crossing  method,  B 

-  range-pair. method,  C 

-  Miner's  hypothesis,  D 

-  see  Fig.  1 


Fig.  1  Methods  of  Analysis 
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Constant  Amplitude  Tests  on  Double-Shear  Joints 

Constant  amplitude  tests  carried  out  on  double-shear  joints,  employing  as  fasteners 
prestressed  10 K  steel  bolts  (Ff,j  =  100  kp/mm2),  steel  Huckbolts,  aluminium  Huekbolts, 
aluminium  snaphead  rivets,  and  steel  pins,  indicate  that  the  load  transferred  by  frict¬ 
ion  between  the  faying  surfaces  is  the  main  factor  influencing  fatigue  life.  The  more 
the  sheets  are  pressed  together,  the  higher  is  the  fatigue  strength  of  the  joint. 

With  the  prestressed^bolted  joint,  fracture  is  not  induced  by  the  notch  effect  of  the 
bolt  hole  but  by  fretting  away  from  the  hole.  Reducing  or  eliminating  fretting  by  the 
use  of  PVC  interlayers,  primer,  or  Molykote  will  result  in  a  further  increase  in  fatigue 
strength,  see  the  Figure.  This  effect  is  particularly  pronounced  for  high  mean  stresses 
(in  the  present  case,  Sm  =  +  7.4  kp/mm2). 

Fora  prestressed  bolted  joint  employing  anti-fretting  measures,  finite  life  at  8  •  10J 
eye les-to-fai lure  for  the  above  mean  stress  is  approx.  ±9.0  kp/mm2  (based  on  net 
area);  for  a  riveted  joint  it  is  approx.  ±  3.0  kp/mm2  .  At  a  stress  ratio  R  =  -  1  the 
difference  is  much  less. 

W.  SchUtz 

Glossary  of  Terms  used  in  the  Figure 

-  sheet  material:  6061-T6 

-  endurance  N  =  8  x  105  cycles 

-  probability  of  survival  P$  =  50  percent 
established  from  4  to  10  tests  each 

-  stress  amplitude,  ±  Sa 

-  rivet,  Huckbolt,  bolt,  or  through-pin 

-  mean  stress,  Sm 

-  stress  concentration  factor,  Kf 

-  bolted  joint 

-  riveted  joint  with  steel  Huckbolt 
(aluminium  Huckbolt) 

-  bolted  joint  using  primer  (Molykote) 
for  protection  against  fretting 

-  joint  with  through-pin 


Blechwerkstoff:  A I  Mg  Si  1  (W  3355.7) 
N  =  8  x  105 

Py  =  50%  aus  je  4-  10  Versuchen 

Spannungsamplitude  ±  cra 
Niet/Huckbolt/Schraube/oder  durchge- 
steckter  Bolzen 

CTm 

<*k 

Schraubverbindung 

Nietverbindung  m.  Stahl-Huckbolt 
(Alu-Huckbolt) 

Schraubverbindung  mit  Lack  (Molykote) 
als  Reibkorrosionsschutz 

Laschenverbindung 


i 

I 

I 


*  Wc  regret  that  "prestressed"  is  an  erroneous  trcr'lation  in  the  present  context;  it 
should  be  replaced  by  "under  pretension",  with  the  sentences  correspondingly  altered. 
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Fatigue  Strength  of  Various  Heats  of  18/7/5  NiCoMo  Maraging  Steel 

There  was  a  general  opinion  that  a  particularly  large  scatter  in  fatigue  strength  is 
inherent  in  18/7/5  NiCoMo  maraging  steel.  In  order  to  check  this,  we  have  carried 
out  constant  amplitude  and  variable  amplitude  tests  on  eight  variants  of  the  material. 
The  variants  tested  are: 


Variant 

Form 

Type  of  Melting 

Grain 

Direction 

Ultimate 

Tensile 

Strength 

^tu(actual) 

/fcp/mrr// 

Manufacturer 

Notes 

1  . 

Sheet 

Vacuum  arc 
remelted 

Longitudinal 

180.0 

A 

Same 

2. 

Sheet 

Vacuum  arc 
re  melted 

Transverse 

180.0 

A 

Heat 

3. 

Sheet 

Vacuum  electron- 
beam  remelted 

Longitudinal 

187.0 

A 

4. 

Sheet 

Air  melted 

.... 

Longitudinal 

188.0 

A 

5. 

Hand 

Forging 

Vacuum  induction 
melted; 

Vacuum  arc 
remelted 

Longitudinal 

175.0 

B 

Same 

Heat 

Same 

Forging 

6. 

Hand 

Forging 

Vacuum  induction 
melted; 

Vacuum  arc 
remelted 

Transverse 

181.0 

B 

7. 

Sheet 

Vacuum  arc 
remelted 

Transverse 

195.0 

B 

8. 

_ L 

Cast 

Box 

Section 

Air  cast 

170.0 

C 

190 


Variants  No.  7  and  8  were  studied  under  other  research  programs  and  are  incorporated 
in  the  table  only  for  completeness. 

The  present  investigation  will  be  continued  on  three  further  variants,  viz.:  Bar  steel 
with  low,  medium,  and  high  titanium  content  (which  influences  ultimate  tensile 
strength). 

The  results  of  the  S-N  tests  at  a  stress  concentration  factor  K^.  =  3.1  under  axial  load¬ 
ing  are  presented  in  Fig.  1 .  The  hatched  scatter  bands  incorporate  the  mean  S-N 
curves  of  variants  No.  1  to  7.  There  are  no  significant  differences  in  fatigue  life  for 
endurances  up  to  N  =  10^  cycles. 

The  cast  material,  particularly  at  higher  endurances,  is  much  inferior  to  the  forged 
material . 

Contrary  to  the  behaviour  under  constant  amplitude  loading,  the  variants  show  signi¬ 
ficant  differences  in  fatigue  strength  under  variable  amplitude  loading,  see  Fig.  2. 

Some  of  the  above  eight  variants  were  studied  additionally  in  the  annealed  condition 
(Ftu«100  to  110  kp/mm2).  Similar  to  other  ultra  high-strength  steels,  at  high  stress 
concentration  factors  and  high  mean  stresses  (K|=  4.5;  R  =  0)  the  fatigue  strength  of 
NiCoMo  maraging  steel  in  the  annealed  condition  is  approximately  the  same  as  in 
the  hardened  condition  (see  the  following  Table).  This  is  due  to  its  high  notch 
sensitivity  and  high  mean  stress  sensitivity  in  the  hardened  condition. 

Variant  5 

Fatigue  Strength  (Sa,  kp/mm2)  at  Kf  =  4.5  under  Constant  Amplitude  Loading 


Endurance,  N 

3  •  103 

104 

105 

R  =  -1 

annealed 

46.0 

33.5 

16.6 

hardened 

60.'0 

43.5 

20.0 

R  =  0 

annealed 

35.5 

26.5 

12.6 

hardened 

40.0 

26.5 

12.0 

W.  Schlitz 
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Glossary  of  Terms  used  in  the  Figures 


Formzahl  ac^ 

Beanspruchungsart:  axial 

Oberlebenswahrscheinlichkeit  Py 

Lastspielzahl  N 

Spannungsamplitude  ±  aa 

Werkstoff 

Ni  Co  Mo 

GS  Ni  Co  Mo 

Halbzeug 

Blech 

FreiformschmiedestUck 

GuBkast. -Profil 

Erschmelzungsart 

vakuumlichtbogenumgeschmolzen 

vakuumelektronenstrahlumgeschmolzen 

an  Luft  erschmolzen 

vakuuminduktionserschmolzen 

an  Luft  v^rgossen 

Faserrichtung 

Icings 

quer 

ctb 

Lastkol  lektiv:  LBF-Normverteilung 
Py  -  50*/^)  aus  4-8  Vers. 


Fig.  1 

-  stress  concentration  factor,  Kj. 

-  type  of  loading:  axial 

-  probability  of  survival,  P$ 

-  endurance,  N 

-  stress  amplitude,  ±  Sa 

-  material 

-  18/7/5  Ni  Co  Mo  maraging  steel 

-  Ni  Co  Mo  cast  maraging  steel 

-  form 

-  sheet 

-  hand  forging 

-  cast  box  section 

-  type  of  melting 

-  vacuum  arc  remelted 

-  vacuum  electron-beam  remelted 

-  air  melted 

-  vacuum  induction  melted 

-  air  cast 

-  grain  direction 

-  longitudinal 

-  transverse 

-  ultimate  tensile  strength,  F^ 

Fig.  2 

-  stress  spectrum:  LBF  Standard  Distrib— 
•  ution 

-  P5  =  50%  established  from  4  to  8 
tests  each 


Variante 


variant 
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Fig .  1  Scatter  Bands  for  S-N  Test  Results  on  18/7/5  NiCoMo 
Maraging  Steel  (8  Variants) 


Fig .  2  Strength  under  Variable  A^plitude  Loading  of  18/7/5  NiCoMo 
Maraging  Steel  (8  Variants) 
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Fatigue  Strength  of  Aluminium  Alloys 

The  fatigue  performance  of  the  high-strength  silver-bearing  aluminium  alloy  AZ  74 
(3.4354.7),  of  Otto  Fuchs,  has  been  investigated  in  an  extensive  research  program. 
Some  other  aluminium  alloys  were  investigated  less  extensively.  Of  the  AZ  74  alloy, 
more  than  2000  specimens  taken  from  extrusions  were  tested  with  stress  concentration 
factors  Kj  =  1.0,  1.8,  2.5,  3.1,  and  4.5,  and  some  400  specimens,  taken  from  hand 
forgings  in  the  longitudinal  and  short  transverse  direction,  with  Kj.  =  3.1.  The  alumin 
ium  alloys  additionally  studied  were:- 

-  W  3425.7  (7079-T6);  test  specimens  taken  from  hand  forgings  in  the  longitudinal 
and  short  transverse  direction,  with  Kf  =  3.1. 

-  W  3425.7;  test  specimens  taken  from  extrusions,  with  Kj.  =  3.1  . 

-  W  3125.  5  (2024-T3);  test  specimens  taken  from  extrusions,  with  Kj.  =  3. 1 . 

The  test  results  obtained  under  constant  amplitude  and  under  variable  amplitude 
loading  are  presented  in  the  Figure.  This  combined  presentation  allows  the  following 
conclusions  to  be  drawn:- 

1 .  At  Kj.  =  3.1,  the  three  above  materials  in  the  extruded  form  show  rather  similar 
fatigue  strengths  (for  mechanical  properties  see  the  Table). 

2.  Under  constant  amplitude  loading,  the  specimens  taken  from  hand  forgings  in  the 
longitudinal  direction  and  the  corresponding  extruded  specimens  show  but  a  small 
difference  in  fatigue  strength;  under  variable  amplitude  loading,  however,  the 
specimens  taken  from  extrusions  are  superior. 

3.  The  fatigue  strength  of  the  specimens'taken  from  hand  forgings  in  the  short  trans¬ 
verse  direction  is  -in  some  cases  to  a  considerable  extent-  inferior  to  that  of  the 
specimens  taken  in  the  longitudinal  direction. 
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The  addition  of  silver  to  the  AZ  74  (3.4354.7)  material  aims  at  improving  the  stress 
corrosion  behaviour  of  the  material  as  compared  to  the  common  zinc-bearing  alloys. 
This  objective  has  been  achieved,  as  shown  by  test  results  of  Otto  Fuchs  and  other 
institutions.  At  the  same  time  it  is  noted  that  the  addition  of  silver  obviously  has  no 
significant  effect  on  the  fatigue  strength  of  the  alloy. 

v 

« 

An  analysis  of  crack  propagation  and  residual  strength  tests  has  not  been  completed 
yet.  However,  AZ  74  does  not  appear  to  be  superior  to  any  marked  extent  to  the 
other  aluminium  alloys  studied. 


Chemical  Composition  of  AZ  74  (3.4354.7) 


Cu 

Mn 

Fe 

a9 

Zn 

Mg 

Si 

Cr 

Ti 

0.99 

0.07 

0.25 

0.40 

5.90 

2.34 

0.05 

0.22 

0.06 

Table 


Material 

* 

Ultimate  Tensile 
Strength 

Ftu 

/kp/mrr£7 

Yield  Strength 
0.2  %  offset 

/Icp/mmf7 

Elomation 

/percent/ 

AZ  74  (3.4354.7) 

Extrusion 

54.7 

50.6 

10.0 

Hand  forging;  longitudinal  direction 

51.0 

44.8 

11.5 

Hand  forging;  transverse  direction 

49.0 

43.1 

8.0 

W  3425.7  (7079-T6) 

Extrusion 

55.6 

49.5 

11.0 

Hand  forging;  longitudinal  direction 

56.0 

50.1 

■ESfl 

Hand  forging;  transverse  direction 

53.1 

46.5 

W  3125.6  (2024-T3) 

Extrusion 

52.2 

38.0 

15.5 

W.  Schiltz 
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Glossary  of  Terms  used  in  the  Figure 


Spannungsamplitude  cra  bzw.  aa 
Formzahl  ac|< 

Uberlebenswahrscheinlichkeit  Py 

Beanspruchungsart:  axial 

Einstufenversuche 

Betriebsfestigkeitsversuche 

StrangpreBprofile 

FreiformschmiedestUcke 

L  =  Langsfaser 

ST  =  kurze  Querfaser 


-  stress  amplitude  Sa  or  Sa,  resp. 

-  stress  concentration  factor,  Kf 

-  probability  of  survival,  P$ 

-  type  of  loading:  axial 

-  constant  amplitude  tests 

-  variable  amplitude  tests 

-  extrusions 

-  hand  forgings 

-  L  =  longitudinal  grain  direction 

-  ST  =  short  transverse  grain  direction 
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Influence  of  the  Spectrum  Shape  on  the  Fatigue  Strength  of  an  Aluminium  Alloy 

Of  the  investigation  already  mentioned  in  the  1CAF  1965  German  Review,  the  first 
part,  involving  the  spectrum  shapes  characterized  by  the  parameter  p  (i.e.  the  "p  - 
parameter  spectra"),  has  been  completed. 


The  investigation  was  carried  out  using  flat  bar  specimens  of  3. 1354.5  (2024-T3)  alu¬ 
minium  alloy  containing  a  hole,  with  a  stress  concentration  factor  Kj-  =  3.1.  The  stress 
spectra  employed  as  well  as  the  definition  of  the  parameter  p  characterizing  the 
spectrum  shape  are  presented  on  the  left-hand  side  of  Fig.  1 . 


The  results  of  the  test  series  covering  spectra  ranging  from  the  extreme  case  of  the 
constant  amplitude  test  with  p  =  1 .00  to  the  LBF  Standard  Distribution  with  p  =  0.00 
show  a  marked  dependence  of  the  fatigue  strength  (stress  amplitude  Sa)  from  the  spectrum 
shape.  As  nine  to  twelve  specimens  were  tested  at  each  stress  level,  the  S-N  curves 
plotted  in  Fig  .2  may  be  regarded  as  statistically  proved;  the  fatigue  limit  for  p  =  1 .00 
was  determined  using  the  staircase  method.  The  scatter  bands  plotted  in  Fig.  2  incorpor¬ 
ate  all  values  between  P$  =  90  percent  and  Ps  =  10  percent  probability  of  survival. 

The  second  part  of  the  investigation,  involving  the  spectrum  shapes  characterized  by  the 
parameter  q  (see  the  right-hand  side  of  Fig.  1),  will  be  completed  presumably  in  the 
course  of  this  year. 


H.  Ostermann 


Glossary  of  Terms  used  in  the  Figures 


p-Wert-Kollektive  ___ 

Uberschreitungshaufigkeit  H/H 
p  =  0  -  Einstufenversuch 
p  =  1  -  LBF-Normverteilung 


Fig.  1 

-  p-parameter  spectra 

-  cumulative  frequency  of  level -crossings 

-  p  =  0  -  constant  amplitude  test 

-  p  =  1  -  LBF  Standard  Distribution 


Spannungsamplitude  ±  ctq 
Lastspielzahl  N 
Werkstoff:  3.1354.5 
Flachstab:  aq,;  =  3.1 
Beansptuchung:  axial 
R  =  au/ CTo  =  "1 


Fig.  2 

-  stress  amplitude,  ±  Sa 

-  endurance,  N 

-  material:  2024-T3 

-  flat  bar  specimen  with  Kf  =  3.1 
type  of  loading:  axial 

-  R  =  S  .  /S  =  -1 

min  max 


tda(kp/mm2) 


p-Wert-KMctive 


q-Wert-Kotektive 

q*\00  q*0,G6  q*0,33  q*  0,00 


V  K  _  1 

ObmehnihJngMk/iglmt  H/H 


[2A  .p*  a-p)  (&l) 

\0 a / p  '0  a  f  p*0 


p  K  inmjLU 

Co  (H/R  =KTs) 

p  »  0  *  BnHufmtenuch 

p  *  1  *  LBF-  Nonrmrtokng 


K>  n  t 

Ubtnchr&'hjngihdufighil  H/R 


\H  /  q  \HJq.o 
'  -  *  ‘  6 


q  =  1  i  Ekatuhrwtnuch 
q  -0  I  LBF-  Norrmn1Hkjng 


LBF 


Kollektivformen 


Fig.  1  Spectrum  Shapes 
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Fig .  2  S-N  Curves  (Variable  Amplitude  Tests) 
Established  for  p-Parameter  Spectra 
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Fatigue  Strength  of  Electron-Beam  Welded  Sheet  of  a  Maraging  Steel 

Constant  amplitude  tests  at  R  =  +  0. 1  were  carried  out  on  unwelded  and  electron-beam 
welded  sheet  specimens  in  the  range  of  10^  to  2  •  10^  cycles. 

Details  on  material,  specimen  dimensions,  and  welding  conditions  are  given  subse¬ 
quently  to  the  text. 

Basis  of  the  present  investigation  was  a  welding  speed  of  85  mm/sec,  i.e.  the  speed 
resulting  in  optimum  sta  ti  c  strength  for  welded  specimens. 

Optimum  fatigue  strength  behaviour,  however,  was  observed  fora  welding  speed 
of  10  mm/sec;  it  must  be  noted,  though,  that  the  majority  of  failures  in  this  test 
series  were  clamping  failures  or  sheet  failures  away  from  the  weld. 

A  statistical  evaluation  was  practically  not  possible  because  of  the  exceptionally 
large  scatter  of  test  results.  The  curves  plotted  in  the  Figure  have  therefore  been 
designated  as  the  lower  boundaries  of  the  scatter  band  (disregarding  a  number  of 
outlying  results),  and  they  have  been  associated  more  or  less  arbitrarily  with  a  prob¬ 
ability  of  survival  of  P5  =  90  percent. 

The  fracture  surface  indicates  that  the  high  welding  speed  (85  mm/sec)  often  results 
in  a  porous  weld;  at  the  low  welding  speed  (5  mm/sec),  the  decrease  in  fatigue 
strength  is  probably  due  to  an  overheating  of  the  repeatedly  melted  welding  area. 

Preliminary  tests  showed  that  for  sheets  heat-treated  prior  to  and  after  welding  the 
difference  in  fatigue  strength  performance  is  practically  negligible;  thus,  in  the 
actual  investigation  only  sheets  heat-treated  after  welding  were  used. 

For  further  details  see  E.  Haibach,  "Beitrag  zur  Schwingfestigkeit  elektronenstrahl- 
geschweiGter  Verbindungen",  to  be  published  shortly  in  the  volume  "Beitrdge  zum 
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Elektronenstrahlschweifien",  Deutscher  Verlag  fUr  SchweiGtechnik  GmbH, 
DUsseldorf/Germany. 

The  present  investigation  will  be  continued  in  order  to  evaluate  systematically  the 
influence  of  various  welding  conditions  on  fatigue  strength. 

Material;  Maraging  Ni  Co  Mo  steel  “Ultrafort  301",  of  "Deutsche  Edelstahlwerke", 
Krefeld/Germany. 


Nominal  Chemical  Composition; 


c 

Si 

Mn 

Mo 

Ni 

Co 

Ti 

<0.03 

<0.10 

<0.10 

4.8 

8.0 

18.0 

0.45 

Nominal  Mechanical  Properties;  (In  the  heat-treated  condition) 


Ultimate  tensile  strength, 

Yield  strength,  0.2  percent  offset 
Elongation,  <$5 
Impact  strength,  a^ 


180  kp/mm2 
165  kp/mm2 
6  percent 
3  kp/mm2 


Specimen;  (Surface  and  edges  polished,  weld  bead  ground  flush) 


welded 

unwelded 

Dimensions,  mm 

35  x  2  x  300 

30  x  2  x  300 

Test  section,  mm2 

30x2 

20  x  2 

Length  of  parallel 
test  section,  mm 

30 

30 
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Welding  Conditions; 

Butt  welded  in  the  annealed  condition. 


Heat-treated  after  welding. 
E.  Haibach 


Glossary  of  Terms  used  in  the  Figure 

-  endurance,  N 

-  stress  amplitude,  ±  Sa 

-  probability  of  survival,  P5 

-  R  =  S  .  /S 
min'  max 

-  electron-beam  welded 

-  welding  speed,  v  ^mm/sec/^ 

-  unwelded 


Lastspielzahl  N 
Spannungsamplitude  ±  crQ 

Pu 

R  =  au/ ao 
ES 

v  /riim/s/ 
ungeschweiBt 


Welding  Speed 

Welding  Ampdrage 

/mm/sec/ 

5 

3.1 

10 

5.2 

85 

16.0 

Fatigue  Strength  of  Electron-Beam  Welded  Sheet  Specimens 
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Comparative  Investigation  on  the  Fatigue  Strength  of  Chemically  Etched  and 
Mechanically  Milled  Test  Specimens 

Chemical  etching  of  highly  stressed  structural  components  is  finding  increased  employ¬ 
ment  in  aircraft  engineering.  In  order  to  study  the  fatigue  strength  performance  of 
chemically  etched  as  compared  to  mechanically  milled  components,  fatigue  tests  have 
been  carried  out  on  notched  specimens  of  2024- T3  aluminium  alloy;  the  test  specimens 
were  manufactured  with  machined  notches  and  with  chemically  etched  notches,  resp., 
see  Fig.  1 .  The  notched  specimens  were  loaded  in  bending.  Up  to  now,  constant 
amplitude  tests  have  been  performed  in  the  finite  life  range  at  stress  ratios  R  =  -1 .0, 
-0.5,  and  0. 

It  is  a  fact  that  in  actual  structures  stresses  in  transverse  grain  direction  cannot 
always  be  avoided.  As  the  effect  of  chemical  etching  -in  the  present  paper  always 
compared  with  mechanical  milling-  was  expected  to  be  most  adverse  in  this  case, 
the  chemically  etched  specimens  were  taken  in  transverse  grain  direction. 

The  mechanically  notched  specimens  up  to  now  have  been  studied  only  in  the  longi- 
tidinal  grain  direction;  thus,  a  strict  comparison  of  results  on  mechanically  milled 
and  chemically  etched  specimens  is  not  possible  yet.  The  results  hitherto  obtained 
are  presented  in  Fig.  1  and  2.  For  the  above  reason,  the  following  inferences  are 
only  tentative:- 

-  The  average  fatigue  life  of  chemically  etched  specimens  (transverse  grain  direct¬ 
ion)  is  only  50  percent  that  of  the  mechanically  milled  specimens  (longitudinal 
grain  direction). 

-  The  scatter  of  test  results  -as  expected-  is  lower  for  chemically  etched  than 
for  mechanically  milled  specimens. 
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The  investigation  is  to  be  continued  on  chemically  etched  specimens  loaded  in  grain 
direction  and  on  mechanically  milled  specimens  loaded  across  the  grain  direction. 
Furthermore,  it  is  intended  to  determine  the  difference  in  fatigue  strength  between 
chemically  etched  and  mechanically  milled  specimens  also  at  the  fatigue  limit. 

Another  investigation  is  planned  to  determine  the  effect  of  chemical  etching  on  the 
fatigue  strength  of  structural  components.  Service  failures  indicate  that  the  fatigue 
strength  of  chemically  etched  -as  compared  to  mechanically  milled-  components 
is  particularly  low  in  thin  sheets  with  high  local  bending  stresses.  As  this  applies 
for  instance  to  buckling  shear  panels,  such  panels  were  selected  to  be  used  as  test 
specimens.  Initial  test  results  are  already  available;  because  of  the  small  number 
they  are,  however,  not  statistically  proved  yet. 

1 .  Chemically  etched  shear  panels  have  a  lower  endurance  than  mechanically 
milled  panels. 

2.  Failures  originate  at  the  intersection  of  folds  formed  by  the  buckling  skin  at 
loads  beyond  the  critical  value. 

3.  In  clad  panels,  which  have  also  been  studied,  the  cladding  has  an  adverse 
effect  on  endurance. 

4.  Application  of  a  single  overload  results  in  a  greatly  reduced  fatigue  life. 

In  the  course  of  the  further  investigation,  constant  amplitude  tests  at  various 
stress  ratios  shall  be  performed  principally;  a  number  of  variable  amplitude  tests 
shall  be  conducted  in  addition. 


D.  SchUtz 
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Lastspielzahl  N 

Spannungsamplitude  ±  aa 

Kerbe  mechanisch  gefrdst 
(Langsfaser) 

Kerbe  chemisch  getitzt 
(Querfaser) 

Werkstoff  3.1354.5 

«k 

r 


-  endurance,  N 

-  stress  amplitude,  ±  Sa 

-  notch  mechanically  milled 
(longitudinal  grain  direction) 

-  notch  chemically  etched 

-  (transverse  grain  direction) 

-  material  2024-T3 

-  stress  concentration  factor,  Kf 

-  radius  of  the  notch 


Z06 


Fig .  1  Fatigue  Strength  Comparison  of  Chemically  Etched 
and  Mechanically  Milled  Specimens 


Fig .  2  Fatigue  Strength  Comparison  of  Chemically  Etched 
and  Mechanically  Milled  Specimens 
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Derivation  of  Reliable  Load  Frequency  Distributions  for  Airplanes  from  Flight 
Measurements 

The  state  of  that  program  is" described  in  the  paper  by  O.  Buxbaum  and 
O.  Svenson  presented  at  the  present  Symposium. 

O.  Buxbaum 

Fatigue  Load  Survey  for  the  F-  104  G 

Two  aircraft  are  instrumented  with  strain  gages  and  calibrated  for  measuring  the 
following  parameters:- 

a)  Vertical  c.g.  acceleration,  lateral  c.g.  acceleration,  pressure  altitude, 
pressure  airspeed,  roll  rate,  and  yaw  acceleration. 

b)  Bending,  torsion,  and  shear  at  three  R/H  and  one  L/H  cross  section  of  the 
wings. 

c)  Bending  and  shear  at  the  fin  near  the  fuselage. 

d)  Bending,  torsion,  and  shear  of  the  stabilizer. 

e)  Vertical,  drag,  and  side  loads  at  the  nose  and  main  landing  gears. 

These  data  will  be  recorded  continuously  on  magnetic  tape  over  about  50  flights. 

Besides  that  program,  about  30  airplanes  of  the  German  Air-Force  are  instrumented 
with  vertical  c.g.  acceleration  counters.  The  data  accumulated  will  be  analysed 
and  applied  in  a  full-scale  fatigue  test. 

O.  Buxbaum 
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Constant  Amplitude  and  Variable  Amplitude  Tests  on  Ti  6AI  4V,  Ti  8AI  IMo  IV, 
and  Ti  5AI  2.5SN 


W.  SchUtz 


Influence  on  Fatigue  Strength  of  the  Size  of  the  Individual  Programmes  in 
Eight-Step  Variable  Amplitude  Tests 


W.  Lipp 


The  Influence  on  Fatigue  Life  of  Internal  Stresses  at  the  Notch  Root  Produced  by 
the  Ground-Air-Ground  Cycle 

It  is  generally  known  that  the  G-A-G  cycle  -particularly  as  simulated  in  the 
flight-by-flight  tests-  produces  very  high  damage.  This  damaging  effect  is 
ascribed  to  unfavourable  internal  stresses  at  the  notch  root,  which  are  induced 
by  the  G-A-G  cycle. 

In  order  to  confirm  this,  it  is  intended  to  conduct  a  test  where  the  local  strains 
at  the  notch  root  (Kf  =  2.5)  of  a  specimen  subjected  to  a  flight-by-flight  test 
program  are  reproduced  in  a  plain  specimen  by  corresponding  loads.  The  invest¬ 
igation  shall  be  carried  out  taking  into  consideration  similar  tests,  reports  on 
which  have  already  been  published. 


D.  SchUtz 
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SECTION  II 


HAMBURGER  FLUGZEUGBAU  GMBH 
Hamburg-Finkenwerder 


VEREINIGTE  FLUGTECHNISCHE  WERKE  GMBH 

Bremen 
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Influence  of  Galvanic  Cadmium  Plating  on  the  Fatigue  Strength  of  1.6604.6 
^AICMA  FE  PL  74)  Steel  Lugs 

The  following  variants  were  tested: 

1 .  Unplated 

2.  Lug  and  bore  fully  cadmium  plated 

3.  Lug  cadmium  plated,  with  the  bore  covered  during  plating. 


Results 

Valiant  2  in  the  range  of  10^  to  10^  eye les-to-fai lure  has  a  fatigue  life  about  twice 
that  of  variants  1  and  3  (see  the  Figure).  This  probably  is  attributable  to  its  improved 
resistance  to  fretting.  It  may  be  assumed  that  the  positive  influence  of  cadmium  plat¬ 
ing  the  bore  surface,  i.e.  increased  fretting  resistance,  outweighs  the  negative 
influence,  i.e.  hydrogen  embrittlement.  The  standard  deviation  s  =  0.27  for  all  three 
specimens  studied  is  relatively  large;  the  tests  are  therefore  being  repeated  at  a  higher 
stress  amplitude. 

Details  on  treatment. 

Cadmium  plating  according  to  "Deutsche  Luftfahrtnormen"  LN  29741/KN  3000; 

Baked  for  three  hours  at  190  ±  10°  C.; 

Chromatized  by  immersion  in  solutions  on  the  basis  of  six-valent  chromium 
compounds. 

For  installation,  the  pins  were  lubricated  with  Molykote  C. 


HAMBURGER  FLUGZEUGBAU  GMBH, 
HAMBURG-FINKENWERDER 
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Lastspielzahl  N 

(Jberlebenswahrscheinlichkeit  Py 

unbehandelt 

vo 1 1  verkadmet 

verkadmet,  Bohrung  abgedeckt 
ffa 

5  dick 


-  endurance,  N 

-  probability  of  survival,  P$ 

-  unplated 

-  fully  cadmium  plated  (lug  and  bore) 

-  cadmium  plated,  with  bore  covered 
during  plating 

-  stress  amplitude,  ±  Sa 

-  mean  stress,  Sm 

-  thickness  of  lug  5mm 

all  dimensions  given  in  mm 
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Influence  of  Galvanic  Cadmium  Plating  on  the  Fatigue  Strength  of  1.6604.6  Steel  Lugs 
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Investigation  on  the  Effect  of  Various  Types  of  Rivets 


The  effect  of  various  rivet  types  on  the  fatigue  strength  of  a  test  specimen  as  shown 
in  the  Figure  has  been  studied  in  an  extensive  test  program.  The  joining  elements 
used  were  snaphead  rivets,  Taper-Lok  Fasteners,  Huckbolts,  Jo  bolts,  and  Cherrylock 
rivets;  in  addition,  specimens  were  tested  incorporating  snaphead- rive  ted  interference 
bushes . 


The  specimen  used  and  the  results  obtained  are  presented  in  the  Figure.  The  results 
indicate  that  the  specimens  incorporating  snaphead  rivets,  Taper-Lok  Fasteners, 
Huckbolts,  and  riveted  interference  bushes  have  fairly  similar  fatigue  strengths, 
whereas  specimens  employing  Jo  bolts  and  Cherrylock  rivets  show  markedly  inferior 
fatigue  characteristics. 


It  is  noted,  however,  that  the  two  materials  used  for  the  specimen  part  I  and  part  II 
(see  the  Figure)  were  not  the  same  in  all  cases  studied  and  that  the  diameters  of  the 
fastening  elements  differed  by  various  degrees  (see  the  Table). 

Failure  in  all  specimens  tested  started  from  the  rivet  hole. 


VEREINIGTE  F  LUG  TECH  NISCHE  WERKE 
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Table 


Rivet  Type 

Specimen 

Part  1 

Materials 

Part  II 

Rivet 
Diameter 
/mm 7 

Notes 

Snaphead  rivet 

W3125.6 

(2024-T3) 

W3126.5 

(2024-T3) 

alclad 

4.00 

- 

Snaphead-riveted 
interference  bushes 

W3125.6 

W3126.5 

4.00 

Interference  bush  diameter 
5.0mm;  material:  1.4544.9 
(SAE  30321) 

Taperlok  TL  100 

3.4364.7 
(7075- T6) 

3.1364.5 

(2024-T3) 

alclad 

6.25 

Installed  strictly  according  to 
specifications  of  manufacturer 

Huckbolt 

W3125.6 

3.1364.5 

6.00 

- 

Jo  bolt 

W3125.6 

W3126.5 

4.80 

- 

Cherrylock  rivet 

W3125.6 

W3126.5 

4.80 

- 

(Rivet  hole) 

(W3125.6) 

- 

- 

(bore  diameter  4mm) 

Glossary  of  Terms  used  in  the  Figure 


-Lastspielzahl  N 

-Sparinungsamplitude  ±cra,  bezogen  auf 
den  Nettoquerschnitt 

-Probestab  mit  Universalniet.  Niet  LN9198 
W3114.4 

-Probestab  mit  ausgenieteten  Interferenz- 
buchsen.  Niet  wie  oben 

-Probestab  mit  Taper-Lok  Niet.  TL  100 
1/4"  0 

-Probestab  mit  SLF-Niet.  Niet  LN9312, 

1 .7704.6 

-Probestab  mit  Schraubniet.  Niet  LN9321, 
4.8x15.9 

-Probestab  mit  Cherrylockniet. 

Niet  CR  2662 

-offene  Bohrung  =  2,5 


-  endurance,  N 

-  stress  amplitude  ±  Sa,  based  on  net 
area 

-  specimen  with  snaphead  rivet;  rivet 
according  to  "Deutsche  Luftfahrtnormen" 
LN9198;  material:  W31 14.4  (2024-T4) 

-  specimen  with  riveted  interference  bushes, 
rivet  same  as  above 

-  specimen  with  Taper-Lok  Fastener;  TL  100 
1/4"  diameter 

-  specimen  with  Huckbolt;  bolt  according 
to  LN9312;  material:  1.7704.6 

(SAE  4340) 

-  specimen  with  Jo  bolt;  bolt  according  to 
LN  9321;  4.8  x  15.9mm 

-  specimen  with  Cherrylock  rivet  CR  2662 

-  specimen  with  circular  hole,  Kf  =  2.5 
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Comparative  Tests  on  Butt  Welded  and  Notched  Specimens  of  1 .7734.5 
(A1CMA  FE  PL  52  S)  Steel  Material 


The  fatigue  strength  of  butt  welded  specimens  with  both  welding  surfaces  ground  flush 
(root  layer  ground  out)  in  the  range  of  10^  eye les-to-fai lure  was  somewhat  higher 
than  that  of  the  flat  bars  with  circular  holes  (Kj.  =  2.5),  see  the  Figure,  It  is  noted, 
however,  that  the  welded  specimens  showed  a  much  larger  scatter. 

In  the  range  of  5  x  10^  cycles-to-failure,  the  test  results  indicate  that  the  fatigue 
strengths  of  the  welded  specimens  and  of  the  flat  bar  specimens  are  rather  similar. 


Welding  electrodes  used 

Root  layer:  Fox  CM  2  Kb  Electrode  2.5  mm  1  ...  r  ,  .  .  . 

L  both  manufactured  by  Bohler 

Top  layer  :  Fox  CM  2  Ti  Electrode  3.5  mm  J 


VEREINIGTE  FLUGTECHNISCHE  WERKE  GMBH 
Bremen 

Glossary  of  Terms  used  in  the  Figure 


Lastspielzahl  N 

Spannungsamplitude  ±  <ja,  bezogen  auf 
den  Nettoquerschnitt 

Schweiftprobe 

gebohrte  Probe  (oc^  =  2,5) 

Werkstoff:  1.7734.5 

aB 

CT0.2 

Pu 

5  dick 


-  endurance,  N 

-  stress  amplitude  ±  Sa,  based  on  net 
section 

-  welded  specimen 

-  specimen  with  circular  hole  (Kj.  =  2.5) 

-  material:  1.7734.5  (A ICMA  FE  PL  52 S) 
steel 

-  ultimate  tensile  strength,  F^ 

-  yield  strength,  0.2  percent  offset 

-  probability  of  survival,  P<j 

-  thickness  of  specimen:  5mm 
all  dimensions  given  are  in  mm 


Vbrkstoff:  1.  7734.5 


Yf?W  Zeittestigkeit  geschweifiter  und 

gebohrter  Probestabe 
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Technical  Notes  (TM)  Published  by  Laboratorium  fUr  Betriebsfestigkeit, 


Darmstadt-Eberstadt,  during  the  present  Period  of  Review 


TM  15/65  Verwendung  eines  Einheits-Kollektivs  bei  Betriebsfestig- 
kei  tsversuchen 

E.  Haibach  and  W.  Lipp 

TM  16/65  Betriebsfestigkeit  gebohrter  Flachstdbe  aus  Stahl 
Ni  Co  Mo  18/7/5 

W.  Schutz 

TM  17/65  Zeit-  und  Dauerfestigkeit  ungekerbter  und  gekerbter 
Flachstdbe  aus  den  Werkstoffen  Al  Mg  Si  und  Al  Mg  5 

W.  Schutz 

TM  18/66  Vergleichende  Dauerfestigkeitsversuche  mit  blanken  und 
vakuumkadmierten  Schrauben  M  16  x  2  aus  dem  Flieg- 
werkstoff  1.6604.6 


H.  Ostermann 
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307  Technical  Notes,  Laboratorium  fUr  Betriebsfestigkeit,  Darmstadt,  LBF  TM  1-14 

308  Contributions  of  German  Aircraft  Manufacturers  to  the  9th  ICAF-Conference 
E.  Gassner 

311  Review  of  Investigations  on  Aeronautical  Fatigue  in  the  Federal  Republic  of 
Germany  (LBF  Report  S-55) 

E.  Gassner 

317  RiGfortschreitung,  Schddigung  und  Dauerbruch  in  axial  belasteten  Flachstdben 
mit  Querschlitz  bei  ein-  und  mehrstufiger  Beanspruchung  (Fatigue  Crack 
Propagation,  Damage,  and  Fatigue  Failure  in  transversa I ly  slotted  flat  plate 
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K.  Kloppel  and  T.  Seeger 

318  Zeitfestigkeit  und  Betriebsfestigkeit  von  Titanwerkstoffen  im  Vergleich  zu 
Stahlen  urd  Leichtmetallen  (Fatigue  Strengths  under  Constant  Amplitude 
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E.  Haibach 

319  Wirklichkeitsgetreue  Lebensdauerfunktion  f Ur  Fahrzeugbauteile  (Life  Func¬ 
tion  for  Automobile  Components  established  from  Service  Data) 

E.  Gassner  and  W.  Lipp 

320  Zeitfestigkeit  ge  kerb  ter  Proben  aus  Stahl  Ck  35  bei  nicht-sinusformigem 
Beanspruchungsablauf  (Finite  Fatigue  Life  of  Notched  Ck  35  Steel  Specimens 
under  Non-Sinusoidal  Loading) 

E.  Gassner  and  W.  Lipp 

328  Critical  Comparison  of  Modern  Fatigue  Testing  Machines  with  regard  to 
Requirements  and  Design 
T.  Haas  and  H.  Kreiskorte 

338  Minutes  of  the  Ninth  Conference  of  the  International  Committee  on 
Aeronautical  Fatigue,  Part  I  and  Part  II 
E.  Gassner 

340  Kennzeichnung  der  Dauerschwingfestigkeit  durch  Mittelwert  und  Streuung 
(Determining  the  Strength  under  Repeated  Loading  by  Statistical  Mean 
and  Standard  Deviation) 

H.  Ostermann 
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341  Betriebsbeanspruchung  von  Radfelgen  (Wheel  RimLoads  in  Service) 

O .  Svenson 

342  Betriebsfestigkeit  von  Augenstdben  aus  einer  Aluminiumlegierung  3.1254.7 
(Fatigue  Strength  under  Program  Loading  of  Aluminium  Alloy  Lugs  of  3.1254.7 
(2014-T6)  Material) 

O.  Buxbaum 

343  EinfluG  unterschiedlich  hoher  und  hdufiger  Vorbelastungen  auf  die  Schwing- 
festigkeit  gebohrter  Fiachstdbe  aus  St  37  (The  Effect  of  Prestresses  of  Varying 
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W.  SchUtz 
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O.  Buxbaum 


PRECEDING  PAGE  BLANK  ROT  FILMtu. 

223 

*  N  69-21586 


REVIEW  OF  SOME  BELGIAN  WORKS  ON  FATIGUE 


DURING  THE  PERIOD  MAY  1965  -  APRIL  1967 


Compiled  by 
J.  van  Laer 

Ministere  dee  Communications 
Administration  de  1 'Aeronaut ique 


(Rapport  MV.  67-03) 


p receding  page  blank  not  filmed. 

225 

CONTENTS 


1 .  S.T.Ae.  Works  226 

1.1  Modified  (swing  tail)  Douglas  DC-4  fuselage  226 

tests 

1.1.1  Description  of  the  test  specimen  226 

1.1.2  Loading  program  228 

1.2  Fatigue  pressurization  tests  232 

1.2.1  Testing  equipment  232 

1.2.2  Results  233 


1.3  Fatigue  tests  on  detailed  part  233 

Flying  controls  of  the  swing  tail 
fuselage 

1 .4 ‘Specimens  234 

Glass  fiber  reinforced  plastic 

.1.5  Residual  strength  234 


Some  investigations  carried  out  at  the  C.N.R.M. 
(Centre  National  de  recherches  m&tallurgiques ) 


2.1  Cumulative  damage  on  aluminium  alloy  24  S.T 


2.2  Effect  of  "Low  cycle  fatigue"  damage  in  low 
alloy  heat-treated  steel 


235 


226 


1.  S.T.Ae.  Works. 

Most  of  the  activity  of  the  belgian  b.T.Ae.  in  the  field  of  the  fatigue 
during  the  recorded  period  was  devoted  to  full  scale  structural  tests. 

1.1.  Modified  (swing  tail)  Douglas  DC-4  fuselage  teats,  (fig.l) 

This  test  was  already  mentioned  in  the  last  1CAF  review.  The  tests 
began  in  January  35  and  was  terminated  at  the  end  of  February  33 
after  26.000  simulated  flights. 

1.1.1.  Description  of  the  test  specimen* 

The  specimen  consists  of  a  portion  of  a  Douglas  DC-4  fuselage 
extending  from  the  station  742  to  the  frame  852  at  which  the  tail 
structure  (vertical  and  horizontal  stabilizer  and  surfaces)is  bolted. 
The  tail  part  beyond  the  frame  852  was  represented  on  the  specimen 
by  a  dummy  steel  structure  bolted  to  the  frasw. 

The  actual  modification  on  the  airplane  consists  to  cut  a  portion  of 
the  fuselage  from  station  780  to  858  and  to  replace  this  part  by  a 
prefabricated  kit  (fig. 2). 

The  kit  is  riveted  to  the  fuselage  at  its  front  end  and  bolted  at  its 
rear  end  to  the  tail  structure.  It  consists  of  two  parts  articulated 
around  a  vertical  axis  situated  on  the  right  side;  when  closed  the 
two  parts  are  jointed  together  by  11  hydraulic  locks  distributed 
along  two  reinforced  frames  at  the  station  800. 

The  opening  is  made  by  means  of  hydraulic  actuators  situated  on  the 
top  of  the  fuselage. 

The  structure  of  the  front  part  is  made  as  seen  on  the  figure  (  2,  ) 

of  two  heavy  box  frames  on  both  ends  (stations  780  and  800).  These 
box  frames  are  connected  by  box  beasis  which  transmit  when  the  fuselage 
is  closed  the  load  from  the  hydraulic  locks.  The  hinges  are  attached 
to  specially  reinforced  box  beams  situated  at  stringers  (n*10  to  12) 
and  (n*  22  to  24).  The  rear  part  of  the  kit  has  a  similar  structure, 
but  with  longer  box  beams  for  supporting  the  rear  hinges,  these  beams 
going  to  the  heavy  frame  658. 
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1.1.2.  Loading  grogram.  J 

It  was  shown  by  the  structural  strength  investigation  tbst  the 
higher  stresses  were  induced  in  the  modified  part  of  the  fuselage 
during  the  opening  of  the  tail  and  also  when  opened  if  wind  blows 
along  the  longitudinal  axis  of  the  aircraft.  It  was  thus  necessary 
to  introduce  in  the  fatigue  loading  program  a  ground  phase  which  in 
fact  produces  the  main  damage,  and  to  be  comprehensive,  to  add  the 
less  important  loads  which  are  the  flight  loads. 

The  flights  loads  were  assumed  those  arising  from  the  utilization  on 
a  moderately  short  range  (230  Nil),  low  altitude,  with  an  average 
flight  time  of  82  minutes.  Unhappily  the  tail  load  spectrum  is 
complicated,  and  experimental  and  statistical  data  are  rather  scarce. 
Some  theoritical  evaluations  have  been  done  with  some  flight  tests 
to  check  the  estimates.  The  tail  spectrum  incorporates  several  super¬ 
imposed  effects* 

a)  a  ground-air  cycle  which  is  the  variation  of  the  lg  equilibrium 
load  with  speed,  weight,  change  of  configuration.  This  load 
depends  much  of  the  C.G.  position. 

b)  the  manoeuvring  loads  mostly  the  take-off  rotation,  and  change  of 
configuration. 

c)  the  vertical  and  lateral  gust  loads  on  the  empennages. 

d)  the  landing  and  taxiing  loads. 

Happily  ’Mm*  stresses  induced  in  the  rear  part  of  the  fuselage  by  the 
i  1 1  frit  i  iHutie  m  *  hi*  nml  Mm*  iMmuncy  in  no  tarn  I  flat*  Pan  Is* 

compensated  bv  a  fcetiaitt  conservat.i Sto* 

The  loading  amplitude  and  the  number  of  occurances  are  not  easy  to 
choose;  in  fact  these  depend  of  the  fatigue  limit  of  the  structure 
which  is  just  what  has  to  be  verified  by  the  tests.  An  assumption 
must  then  be  made  on  the  fatigue  resistance  of  the  structure.  In 
accordance  with  the  theory  of  ilaithby-%gewertz  an  amplitude  of 
+  20  ft/sec  gust  was  chosen  for  the  testing  load  and  the  number  of 
repetitions  was  taken  as  3  per  flight. 
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To  take  into  account  the  manoeuvre  and  the  effect  of  change  of 
configuration  2  cycles  with  the  same  amplitude  were  added*  All  these 
loads  were  superimposed  on  a  G.A.C.  load  which  was  supposed  to  be 
of  1750  Kg  (down  load)  (C.G.  forward). 

The  ground  loads  were  taken  more  easily  into  consideration  because 
they  come  mostly  from  the  manoeuvring  of  the  tail*  During  the  opening 
of  the  cone,  the  weight  distribution  is  transfered  from  the  11  locks 
to  the  two  hinge  points  and  the  stress  distribution  varies 
accordingly.  When  the  fuselage  is  open,  the  tail  may  be  submitted  to 
wind  forces  and  some  additional  fatigue  damage*  The  drag  force  of  the 
wind  and  its  location  were  obtained  by  tunnel  testing*  Stresses 
induced  by  the  wind  higher  than  20  Knots  are  not  negligeable* 

An  operation  limit  of  35  Knots  is  set  for  the  opening  of  the  cone* 
Fatigue  damage  must  be  evaluated  for  wind  between  20  and  35  Knots. 
Meteorological  statistical  date  exit  for  wind  amplitudes  and  fre¬ 
quencies  and  are  given  on  two  format  either  mean  wind  velocity,  or 
maximum  wind  (gust)  velocity. 

Mean  wind  (taken  for  period  of  10  minutes)* 

For  148.888  measurements 
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Gust  (the  maximum  taken  during  the  hour)* 

For  131.472  hours 

17.804  observations  higher  than  20  -  cumulative  frequency  0,1354. 
7.779  "  "  "  30  -  »  "  0,059 

1.250  "  "  "  40  -  "  "  0,0095 

From  these  data  it  was  decided  to  choose  for  the  wind  loads  7  gusts 
of  an  amplitude  of  35  Knots  per  flight. 

To  sum  up,  the  loading  cycle  is  represented  on  the  figure  3. 


T  0  WEIGHT  64000  LD* 
ZCRORtX  WEIGHT  60600  L  bi 
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.FLIGHT  LOAD 


Tea ting  ^quipement. 

The  teat  specimen  is  mounted  cantilever  in  a  rigid  steel  frame;  two 
loading  hydraulic  actuators  are  used;  one  for  the  flight  loads  and 
one  for  the  wind  loads  on  the  ground* 

The  loading  sequence  is  all  automatic*  Its  begins  by  the  flight  loads, 
next  the  cone  opens, after  which  it  is  loaded  by  the  wind  gust  and 
thereafter  closes* 

The  duration  of  a  complete  sequence  representing  one  flight  is  of 
about  3  l/2minutes. 

The  complete  description  of  the  system  was  given  in  the  last  review* 

The  figure  (  4  )  shows  the  cone  in  the  test  frame*  The  figure  (  5  ) 
shows  the  Program  Control  panel,  on  which  are  mounted  the  pressure 
gages,  hydraulics  valves,  load  counter  and  indicating  lamps  etc**. 

The  figure  (  6  j  shows  the  cone  open* 

lte  suits . 

The  figure  (  7  )  shows  the  progression  of  the  tests  during  the 
period  65-66. 

After  a  few  troubles  which  occured  during  the  first  10.000  cycles 
reinforcements  were  made  and  no  more  troubles  occured  and  the  tests 
progressed  steadely. 

The  first  trouble  occured  with  the  upper  hinge  axle  which  was  found 
se ized. (photo  8  ).  The  axle  were  replaced  by  a  chrome  plated  axle 
and  in  place  of  the  bronze  bushing,  a  ball  pivoting  joint  was 
installed. 

The  second  important  trouble  was  due  to  the  failure  of  some  bolts 
fixing  the  upper  forward  hinge  (photo  0  )* 

The  upper  hinge  was  reinforced  and  rigidified  to  eliminate  the  bending 
of  tiio  bolt  heads,  ite  inf  or  cements  were  also  made  on  the  box  beam 
supporting  the  hinge.  ! 

At  about  8.000  cycles,  it  was  found  by  inspection  that  a  crack  had 
developped  in  the  rear  upper  hinge*  (see  photo  10  ) •  After  a  long 
delay  the  test  were  resumed  and  till  the  end  (at  about  28.000  cycles) 
we  had  only  rather  minor  trouble,  as  fatigue  crack  deve lopping 
through  a  greasing  hole  of  the  eye  bolt  of  the  rear  hydraulic  actuator 
A  thorough  inspection  was  made  after  the  test  but  did  not  disclose  any 
important  defect.  An  airplane  was  modified  at  the  end  of  66  and  made 
test  flightsand  received  his  certification  in  February  67* 
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1.2.  Fatigue  pressurization  teats. 

It  was  envisaged  to  apply  the  same  modification  of  a  awing  tail  to 
Douglas  DC— 6  and  DC-7  airplanes.  For  the  fatigue  proof,  it  was  thus 
necessary  to  include  in  the  loadings  the  pressure  load  of  the  fttselage. 
A  tank  test  was  not  considered  pratical,  because  the  opening  and 
closing  phase  was  still  the  moat  critical  part  of  the  loading  spectrum* 
The  weight  of  the  movable  part  was  now  much  higher  than  in  the  former 
case.  The  only  way  of  doing  the  pressurization  was  to  air  pressure 

i 

the  test  specimen.  The  specimen  was  made  air-tight  by  means  of  a  rear 
bulkhead  made  of  steel  plates  renforced  by  vertical  channels  and  of  a 
rubber  steal  installed  in  the  joint  between  the  rear  cone  and  front 
part  of  the  fuselage.  To  have  a  smaller  air  volume,  to  reduce  danger 
in  case  of  explosive  decompression,  and  time  necessary  to  obtain  the 
pressure,  the  specimen  was  filled  with  plastic  form. 

The  loading  program  was  the  same  in  principle  to  that  used  for  the 
DC-4;  it  includes  the  flight  loads  during  which  the  fuselage  was 
pressurized  and  depressurized;  the  opening  of  the  fuselage  and  the 
application  of  the  wind  loads. 

As  the  length  of  the  flight  stage  w as  longer  the  number  of  applied 
gusts  had  been  increased  to  10;  the  inside  pressure  was  simultaneously 
increase  to  4,6  psi. 

For  the  ground  phase  a  fewer  number  of  wind  gusts  (two  of  35  Knots 
intensity)  were  applied.  It  was  thought  that  it  was  the  peak  to  peak 
range  which  was  important  and  it  was  necessary  to  reduce  the  number 
of  wind  gusts  to  keep  the  already  long  cycle  time  low. 

The  duration  of  one  cycle  was  4  minutes. 

1.2.1.  Testing  equipment. 

The  equipement  used  for  the  testing  of  the  DC-4  modified  was 
completed  by  an  air  compressor,  a  motorised  three  way  air  valve,  and 
a  mercury  manometer  with  electrical  contacts. 

The  cycle  was  automaticly  controlled  and  the  figure  (  12  )  shows 
the  schematic  diagram  of  the  hydraulic  and  pneumatic  systems. 
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1.2.2 o  Hesults.  I 

The  tests  began  in  may  66  on  the  same  specimen  that  have  b  en  already 
submitted  to  the  fatigue  loading  spectrum  of  the  DC-4  and  that  had 
made  27.722  simulated  flights  without  pressurisation.  Due  to  the 
installation  of  the  rear  steel  bulkhead  the  weight  of  the  moving  part 
of  the  tall  cone  was  increased  considerably,  but  the  bending  moment 
was  kept  equal  to  this  of  the  DC-7.  The  shear  force  was  somewhat 
higher  bat  the  resulting  effect  may  be  consider  to  be  conservative. 
The  testing  progressed  steadily  and  at  the  end  of  September  10.000 
cycles  were  accomplished  without  to  much  difficulties.  Host  of  the 
fatigue  troubles  were  caused  by  the  increased  weight  and  were  found 
in  the  structure  around  the  rear  skid  mounted  below  the  floor  at  the 
station  929. (fig.  13) 


1.3.  Fatigue  tests  on  detailed  part. 

Fljring_controls  of  the  swing  tail  fuse  lage  • 

The  flying  controls  of  the  awing  tail  fuselage  are  made  in  two  sections 
due  to  the  fuselage  break.  The  continuity  of  the  flying  controls 
(elevator  and  rudder)  must  be  reestablished  automaticly  when  the  cone 
is  closed.  The  first  system  concieved  was  not  satisfactory  and  was 
replaced  by  a  system  based  on  the  same  principle  but  of  radically 
other  realization.  The  flying  controls  of  each  part  are  terminated  by 
compression  rods;  when  the  fuselage  is  closed,  the  compression  rods  come 
in  contact  and  the  movement  of  the  rods  are  transmitted  to  pulleys  and 
cables  (see  fig. 14  ). 

A  fatigue  test  was  made  on  a  set  of  control  which  was  installed  on  a 
Amslerpulsator.  (see  fig. 15  ).  The  load  was  rather  low  for  the  testing 
machine  and  therefore  was  monitored  by  strain  gages. 

The  results  were  very  satisfactory. 
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1.4.  specimens . 

Glass  fiber  reinforced  plastic. 

A  few  tests  were  made  on  some  glass  fiber  reinforced  polyester 
specimens. 

Some  were  made  on  specimens  reinforced  with  an  unidirectional  roving 
and  other  with  fabric  reinforcement. 

The  fatigue  machine  used  was  the  Amsler  pulsator. 

With  the  unidirectional  roving  the  fatigue  resistance  was  rather  high 
and  the  cracks  were  deve lopping  in  a  direction  parallel  to  the  fibers. 
The  crack  is  seen  by  the  apparition  of  a  whitish  color  and  there  is  a 
local  increase  in  temperature  at  the  extremities  of  the  crack. 

The  propagation  speed  was  rather  low  and  the  crack  geometry  is 
complicated.  (fig.  1G) 

1.5.  Uesidiial_£tr en&ou.  (flg.17)  (fig.is) 

A  few  test  were  made  ju  nylon  fabric  specimen  with  a  central  slit,  to 
determine  the  residual  strength.  The  resistance  of  the  unslitted  fabric 
was  of  G933  Kg/ri  (warp)  and  of  47G7  Kg/m  (woof). 

The  results  show  the  same  treud  found  for  metallic  specimen,  yet  the 
deformation  of  the  slit  is  far  from  negligeable.  There  exist  a  critical 
stress  and  a  slow  crack  growtli  stress.  The  critical  stress  is  a  function 
of  the  length  of  the  slit  and  also  of  the  absolute  width  of  the  specimen 
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2.  Some  investigations  carried  out  at  the  C.N.R.M.  (Centre  National 
de  recherches  metallurgiques ) • 

Alloy  24  S.T. 

This  work  is  a  co-operative  research,  sponsored  by  O.E.C.D.  (Organisation 
of  Economic  Co-operation  and  Development)  between  0  European,  U.S.  and 
Canadian  laboratories. 

The  belgian  contribution  is  made  at  the  C.N.R.M.  fatigue  laboratory. 

In  the  first  phase  of  the  investigation,  each  laboratory  involved  has 
had  to  determine  the  Vhol«r  curve  and  the  endurance  limit  of  unnotched 
specimens  in  rotative  bending  (3000  cpm)  (constant  bending  machine  typa)* 


2.1.  Cumulative  damage  on  Aluminium 


25  specimens  were  tested  at  each  of  the  three  stress  levels. 

(35  Kg/nna,  30  Kg/u*n2,  25  Kg/ma2) 

The  endurance  limit  was  determined  by  the  Staircase  method  on  21 
specimens . 

If  a  good  correlation  was  found  for  the  endurance  limit  (20  Kg/mm2  +  0,5 
at  30  106  cycles),  greater  variability  was  obtained  at  the  higher 


stresses . 
Stress  level. 


lowest  result  cycles.  highest  result  cycles* 

50.000  180.000 

215.000  800.000 


35  ICg/ mm2 
30  » 

25  "  2.106  5. 10® 

Endurance  limit  20  Kg/mm2  +  0,5o 

In  the  second  phase  of  the  research,  damage  for  two  different  cycles 
ratio  (^  <*  0.15  or  0,30)  are  produced  at  one  or  two  of  the  stress  levels 
and  the  residual  life  or  the  endurance  limit  is  investigated;  25 
specimens  are  used  for  each  treatment. 

The  tests  are  still  in  progress,  but  show  already  great  differences 
with  those  obtained  in  accordance  with  the  Miner  rule  when  applied  to 
mean  values. 


2.2.  Effect  of  "Low  cycle  fatigue,,  damage  in  Low  Alloy  heat-treated  Steel. 
The  purpose  of  the  investigation  was  to  determine  the  effect  of 
"plastic  fatigue,,  on  the  impact  properties  of  three  types  of  steels 
A302-B  (Mr,  Mo),  Ducolv  W30  (Mn,  No,  Cr,  V),  Soudo  Tenox  S6  (Mn,  Mo, 

Ni , ,  Cr) . 
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2.2.1.  The  results  of  the  Side  Bend  Tests  on  sheet  specimens  showed  that 

the  higher  transition  temperature  obtained  were  not  a  regular  fonction 
of  the  number  of  cycles  nor  of  the  ratio  . 

2.2.2.  Charpy  tests  were  executed  on  specimens  extracted  from  fatigue  test 
pieces  which  were  submitted  to  alternative  tensile  -  compressive 
deformations  of  several  amplitudes  and  for  several  ratio  of 

The  transition  temperature  curve  was  drawn  and  the  temperature 

transition  was  found  to  rise  with  the  ratio  ■—  between  the  limits 

N 

l/o  -  10/to  both  for  fatigue  tests  made  at  ambiant  temperature  and 
at  300*C. 

For  damage  made  for  a  number  of  cycle  ratio  lower  than  l>o,  there 
is  a  marked  softening  effect  of  the  first  fatigue  cycles. 

In  spite  of  dispersion,  the  results  were  shown  to  be  dependent  of 
the  chemical  composition  of  the  steel,  the  beBt  results  were  obtained 
with  the  Ducol  W  30. 
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A  large  number  of  investigators  in  the  United  States  are  actively 
studying  fatigue  problems.  This  report  will  summarize  portions  of  this  work. 
Because  of  its  accessibility,  the  work  conducted  in  Government  Laboratories  or 
under  Government  sponsorship  will  be  emphasized.  The  review  is  organized 
according  to  the  agency  that  sponsors  the  investigations. 

I.  NASA  LANGLEY  RESEARCH  CENTER 

A.  Supersonic  Transport  Considerations 

The  evaluation  of  fatigue  behavior  in  the  environment  of  a  superb- 
sonic  transport  has  continued  to  occupy  the  attention  of  several  investigators 
at  Langley.  More  emphasis  has  been  placed  on  the  titanium  alloy  Ti-8A1— lMo-lV 
than  on  other  materials.  However,  the  alloy  Ti— 6A1— 4V  is  now  favored  for  the 
SST,  thus  future  projects  are  likely  to  be  concerned  with  this  material.  A 
summary  of  results  available  at  this  time  was  presented  at  a  recent  meeting 
of  the  American  Institute  for  Mining  and  Metallurgical  Engineers.  A  copy  of 
that  presentation  is  appended  to  this  review.  More  detailed  descriptions  of 
the  investigations  and  results  are  available  in  the  references  to  that  paper. 

B.  Fatigue  Crack  Propagation  and  Fracture 

A  better  understanding  and  analytical  treatment  of  the  rate  of 
fatigue  crack  propagation  and  of  the  residual  static  strength  of  a  member 
containing  fatigue  cracks  or  other  damage  is  of  interest  for  the  estimation  of 
both  the  fatigue  life  and  the  fail-safe  characteristics  of  a  structure.  Since 
fatigue  cracks  can  frequently  be  detected  within  the  first  small  fraction  of 
fatigue  life,  some  investigators  suggest  that  reasonable  estimates  of  life  may 
be  obtained  on  the  assumption  that  all  of  the  fatigue  life  is  spent  propagating 
a  crack  from  some  small  flaw  inherent  in  the  material.  Whether  this  assumption 
will  finally  become  the  basis  for  fatigue  life  estimation  is  still  in  doubt. 
However,  the  number  of  cycles  needed  to  propagate  the  crack  must  be  considered 
to  form  a  rational  basis  for  analysis.  Also,  such  crack  propagation  causes 
a  progressive  loss  of  strength  such  that  the  member  can  no  longer  support  the 
loads  encountered.  Thus,  life  and  fail-safe  evaluations  depend  upon  consi¬ 
derations  of  the  residual  static  strength  as  well. 

Langley  research  has  been  directed  toward  the  systematic  study  of 
a  number  of  parameters  affecting  these  phenomena.  Most  of  the  recent  results 
on  fatigue  crack  propagation  have  been  analyzed  and  correlated  by  stress  inten¬ 
sity  analysis  procedures.  Generally,  the  stress  intensity  at  the  tip  of  a 
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central  crack  is  expressed  by 

i 


where  S  is  the  applied  stress  computed  on  the  gross  cross  section 
a  is  the  half-length  of  the  crack 

a  is  a  correction  factor  for  size  or  other  geometrical  considerations 

The  rate  of  fatigue  crack  propagation  is  found  to  be  a  consistent  function  of 
the  range  of  the  stress  intensity,  or  Ak.  Obviously,  the  relations  among 
these  parameters  are  also  dependent  upon  other  parameters  such  as  temperature, 
material,  and  mean  stress. 

A  relation  proposed  by  Forman,  et  al,  has  been  used  to  correlate 
the  influence  of  mean  stress  on  the  rate  of  crack  growth: 


ClcL 

where  —  is  the  increment  of  crack  growth  per  cycle 

I 

R  is  the  ratio  S  .  /S 

min'  max 

kc  is  the  stress  intensity  at  fracture 
C  and  N  are  empirically-adjustable  constants 

i 

A  paper  presenting  the  results  of  this  study  will  be  presented  at  a  National 
Meeting  on  Fracture  Mechanics  at  Lehigh  University  in  June  1967  (ref.  1). 

The  effect  of  specimen  width  has  been  studied  in  specimens  made  of 
Ti-SAl— IMo-lV.  At  a  given  stress  level,  the  fatigue  crack— growth  curves  for 
specimens  having  widths  of  2—,  4—,  8-,  and  20— inches  (ref.  2)  were  very 
similar. 

The  effect  of  specimen  length  on  rate  of  fatigue  crack  propagation 
and  residual  strength  has  been  studied  for  7075— T6  aluminum  alloy  sheet 
specimens  4  inches  (100  mm)  wide  and  from  0,5  (13  mm)  to  24  inches  (600  mm) 
long.  The  effect  of  length  on  rate  of  fatigue  crack  propagation  was  small  but 
residual  strength  decreased  appreciably  for  lengths  less  than  4  inches. 

These  results  did  not  correlate  well  with  analysis,  probably  because  the  grips 
di'd  not  act  in  a  rigid  manner  as  assumed  analytically. 

Simple  structural  specimens  incorporating  unsymmetrical  cracks, 
cracks  growing  from  holes,  simulated  rivet  forces,  and  combinations  of  these 
have  also  been  studied.  The  appropriate  stress— intensity  factors  have  been 
taken  from  the  literature  or  developed  to  account  for  the  observed  behavior. 
The  preliminary  results  of  this  study  were  presented  (ref.  3)  at  aa  ASTM 
Symposium  on  Fatigue  Crack  Propagation  held  last  June  in  Atlantic  City,  New 
Jersey. 
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An  analytical  procedure  has  also  been  developed  for  computing  stress 
intensity  in  large  stiffened  panels.  The  panel  is  assumed  to  be  infinite  in 
extant  with  uniformly— spaced  stiffeners  in  the  direction  of  the  applied  stress. 
Variable  parameters  in  the  analysis  are:  relative  stiffness  of  sheet  and 
stringers,  spacing  of  stiffeners,  spacing  of  rivets,  efficiency  of  rivets,  and 
the  position  of  the  cradk  relative  to  stiffeners.  From  this  analysis,  a 
designer  should  be  able  to  anticipate  the  effectiveness  of  a  given  choice  of 
these  parameters.  Experimental  studies  are  underway  to  verify  the  trends 
indicated  by  the  analysis  and  to  provide  data  needed  to  assess  the  efficiency 
of  rivets. 

Experiments  are  being  performed  to  study  the  effect  of  thickness  on 
crack  propagation.  Plates  up  to  3A  inch  (19  mm)  thick  and  3  feet  (910  mm) 
wide  and  made  of  aluminum  alloys  are  included.  In  addition,  a  group  of  special 
alloys  in  the  zinc— bearing  aluminum-alloy  family  is  being  studied  to  determine 
the  role  of  alloying,  heat  treatment,  and  other  metallurgical  considerations 
on  rates  of  fatigue  crack  propagation  and  fracture. 

Many  of  the  specimens  used  in  the  fatigue  crack  propagation  studies 
are  subsequently  tested  statically  to  study  fracture  characteristics.  Gen¬ 
erally,  the  stress  at  failure  has  been  high  relative  to  the  yield  strength  of 
the  material,  so  that  allowance  must  be  made  for  plastic  action.  The  correc¬ 
tions  for  plasticity  recommended  by  the  ASTM  Committee  E-2k  on  Fracture  are 
hot  always  accurate,  and  in  many  cases  the  ASTM  procedure  disqualified  itself 
because  the  net  stress  at  failure  exceeded  the  yield. 

Mr.  Paul  Kuhn  has  devoted  most  of  his  time  to  further  study  of  the 
fracture  problem  in  order  to  provide  an  analytical  procedure  applicable  over- 
the  full  range  of  materials  and  configurations  of  interest.  So  far  he  has 
concentrated  on  the  fracture  of  simple  specimens  with  cracks  through  the  thick¬ 
ness.  Further  use  of  the  analysis  he  presented  at  the  Third  ICAF  Symposium 
in  Rome  has  shown  certain  deficiencies  in  attempting  to  "predict"  failure 
strength  from  other  material  properties.  Thus,  he  has  modified  the  analysis, 
eliminating  that  feature  and  placing  more  reliance  on  tests  of  cracked  speci¬ 
mens.  He  presented  a  discussion  of  these  developments  at  the  recent  meeting 
of  the  AGARD  Structures  and  Materials  Panel  in  Turin,  Italy  (ref.  h).  Mr. 

Kuhn  made  a  survey  trip  of  aircraft  industry  and  government  laboratories  in 
Europe  and  Canada  to  review  how  extensively  and  by  what  methods  fracture 
calculations  were  made.  From  this  trip  and  from  other  contacts  in  the  United 
States,  he  concluded  that  the  application  of  materials  data  on  residual 
strength  is  currently  confined  to  cases  where  extensive  experience  is  lacking 
for  either  the  structure  (missiles,  hydrofoils)  or  the  material  and  to  quality 
control  of  materials.  However,  interest  in  wider  application  is  growing 
rapidly. 

In  a  separate  development,  the  effect  of  plastic  action  at  the 
crack  tip  is  being  treated  by  an  extension  of  the  procedure  involving  a  model 
proposed  by  Dugdale.  A  preliminary  report  on  this  work  will  be  presented  at 
a  National  Meeting  on  Fracture  Mechanics  at  Lehigh  University  in  June  1967 
(ref.  5). 
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C.  Plastic  Behavior  at  Notches 

Studies  of  plastic  action  mentioned  in  the  1965  review  are  continu¬ 
ing.  Emphasis  has  been  on  higher  stress-concentration  factors  and  on  other 
materials.  Thus  far,  the  procedures  for  computing  local  stresses  described  in 
reference  6  have  been  successful  for  higher  values  of  stress  concentration. 

In  order  to  improve  accuracy  and  efficiency  of  these  tests,  the 
testing  equipment  has  been  modified  and  expanded.  A  lovw:apacity  (20,000  lb. 
or  89  kN)  hydraulic  loading  device  has  been  constructed  to  test  the  small 
unnotched  specimen  at  the  same  time  that  a  120,000  pound  (533  kN)  capacity 
machine  is  applying 'load  to  the  large  notched  specimen.  Servo  controls  on  the 
smaller  machine  maintain  strains  in  the  small  unnotched  specimens  that  are  at 
all  times  equal  to  the  strains  measured  at  the  base  of  the  notch  in  the  larger 
specimen.  The  system  eliminates  chances  of  human  error  involved  in  recording 
the  strains  in  the  larger  specimen  and  in  subsequently  reproducing  these  strains 
in  the  smaller  specimen.  Further,  it  assures  that  exactly  the  same  time  scale 
is  used  for  both  tests  and  it  improves  efficiency  by  testing  both  specimens 
simultaneously. 

D.  *  Development  of  Test  Facilities 

A  new  fatigue  test  laboratory  at  Langley  will  be  completed  and 
occupied  in  May  1967.  This  laboratory  will  provide  a  large  air-conditioned 
space  for  fatigue  and  static  tests  of  material  specimens  and  small  structural 
components  and  a  non  air-conditioned  space  for  tests  of  structural  specimens  at 
elevated  temperature. 

This  laboratory  will  house  the  existing  fatigue  and  static  test 
equipment  employed  by  the  Fatigue  Branch.  One  of  the  newest  devices  in  this 
group  is  a  high-speed  tensile  test  machine  with  1,000,000  pounds  (4.45  MN) 
capacity.  This  device  operates  hydraulically  and  achieves  loading  rates  up  to 
20,000,000  pounds  per  second  (89  MN  per  second)  by  discharging  hydraulic  accu¬ 
mulators.  The  present  pumping  and  valving  system  also  facilitates  cycling. 

A  large  hydraulic  fatigue  testing  machine  is  scheduled  for  delivery 
this  summer.  It  is  expected  to  produce  loads  up  to  400,000  pounds  (1.8  MN), 
deflections  up  to  +1  inch  (25  mm)  and  cyclic  rates  up  to  1000  cpra  (18  Hz)  (not 
simultaneously). 

Three  fatigue  test  devices  equipped  with  vacuum  chambers  are  being 
installed.  These  devices  have  load  capacities  of  ^20, 000  pounds  (89  kN)  and 
are  expected  to  produce  vacuum  environment  to  10"'*  torr  with  temperature 
control. 


E.  Contract  Research 

A  three-dimensional  photoelasto-plastic  stress  analysis  method  was 
developed  (ref.  ’/)•  This  method  was  used  to  study  experimentally  the  stress 
distributions  in  the  vicinity  of  simulated  cracks.  The  method  utilizes  the 
frozen  stress  and  creep  characteristics  of  plastic  materials  to  simulate  the 
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stress— strain  behavior  of  aluminum  alloys.  Polymer  materials  are  subjected  to 
various  thermal  cycles,  the  maximum  temperatures  of  which  were  significantly 
below  the  critical  temperature,  but  high  enough  to  promote  creep.  The  strain 
and  birefringence  associated  with  this  creep  are  frozen  into  the  model  which 
is  subsequently  sliced  without  relieving  the  frozen  strain. 

A  material  and  thermal  cycle  were  selected  which  exhibited  an 
effective  stress-strain  curve  similar  to  the  uniaxial  stress-strain  behavior 
of  2024-T3  aluminum  alloy.  Models  were  machined  from  the  selected  material 
and  subjected  to  constant  tensile  load  and  the  appropriate  thermal  cycle  to 
simulate  202h — ' T3  aluminum.  The  plate  models  contained  centrally  located  holes 

1/8  inch  in  diameter  or  simulated  cracks  with  various  ratios  of  crack  length 
and  of  tip  radius  to  thickness. 


The  stress-concentration  factors  determined  for  the  plates  with 
centrally— located  holes  are  in  very  good  agreement  with  theory.  The  stress- 
concentration  factor  for  the  thick  plates  was  slightly  higher  at  the  midplane 
of  the  plates  than  at  the  surface.  Due  to  the  higher  stresses  at  the  midplane 
of  the  thick  plates,  there  results  a  o  stress  normal  to  the  plane  of.  the 
specimen.  This  a  stress  is  maximum  it  the  midplane  and  surface  of  hole  and 
diminishes  to  zero  a  short  distance  from  the  hole. 

The  elasto— plastic  stress  distributions  determined  for  plates  with 
centrally— located  simulated  cracks  showed  that  all  three  stress  components 
have  maximum  values  a  short  distance  from  the  crack  tip.  Apparently,  the 
yield  stress  at  each  point  in  the  specimen  is  influenced  by  the  triaxial 
stress  state. 

F.  Definition  of  Load  Environment 

During  the  past  two  years,  NASA  has  continued  its  research  aimed 
at  defining  the  load  environment  for  aircraft.  This  research  has  encompassed 
the  repeated  loads  (due  to  gusts,  maneuvers,  landing  impact,  and  ground  operar- 
tions)  of  commercial  transports  and  general  aviation  airplanes,  the  atmospheric 
turbulence  environment,  the  runway  roughness  environment,  and  loads  on  heli¬ 
copters. 


A  summary  of  the  repeated  loads  experienced  by  several  types  of 
commercial  transports  is  given  in  reference  8.  Reference  9  presents  data  on 
the  loads  experienced  by  several  types  of  general  aviation  airplanes  engaged 
in  various  categories  of  service.  Runway  roughness  environmental  data  and 
airplane  responses  to  the  roughness  are  given  in  references  10  and  11.  A 
summary  of  data  on  the  atmospheric  turbulence  environment  is  given  in  reference 
12.  Structural  loads  measured  on  a  hinge less— rotor  helicopter  are  given  in 
references  13,  14,  and  15- 
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II.  NASA  LEWIS  RESEARCH  CENTER 

A.  Crack  Initiation  and  Propagation 

Qnpirical  equations  have  been  developed  foJ  predicting  the  number 
of  cycles  required  to  initiate  a  crack,  and  to  propagate  this  crack  to 
failure  in  a  notched  specimen  knowing  the  fatigue  behavior  of  unnotched 
specimens.  This  method  is  presently  limited  to  estimates  of  the  fatigue  life 
of  axially-loaded  specimens  containing  notches  and  tested  under  completely- 
reversed  constant  strain  conditions  (ref.  16). 

B.  Cumulative  Damage 

A  double  linear  cumulative  damage  rule  (ref,  17)  for  predicting  the 
fatigue  life  of  unnotched  specimens  subjected  to  variable  amplitude  rotating 
bending  or  reversed  axial  strain  has  been  developed.  The  fatigue  process  was 
originally  considered  to  occur  in  two  phases,  crack  initiation  and  crack 
propagation.  It  was  proposed  that  fatigue  damage  accumulates  at  one  rate 
during  the  first  phase,  and  at  a  different  rate  during  the  second  phase.  A 
number  of  tests  are  required  to  establish  the  damage  accumulation  rates  for  the 
two  phases.  .  However,  once  these  rates  have  been  established,  the  hypothesis 
is  that  fatigue  life  can  be  predicted  by  linear  accumulation  of  damage  at  the 
appropriate  rates  until  the  sum  of  the  fractional  damage  equals  1  for  each 
phase. 


C.  High-Temperature  Low-Cycle  Fatigue 

A  method  has  been  developed  whereby  the  low  cycle  fatigue  in  the 
life  range  from  10  to  10'  cycles  at  temperatures  above  approximately  half 
the  melting  point  can  be  estimated  from  the  tensile  and  creep  properties 
measured  in  conventional  static  high— temperature  tests.  The  method  makes  use 
of  the  universal— slope s  equation  (ref.  l6)  originally  developed  for  low-cycle 
fatigue  of  materials  at  room  temperature.  In  this  method,  the  total  'strain 
range  is  separated  into  its  elastic  and  plastic  components  which  can  be  esti¬ 
mated  from  the  tensile  strength  and  reduction  of  area  in  the  tensile  tests. 
Corrections  are  introduced  from  the  "creep  effect"  based  on  the  concept  that 
the  micro  cracks  introduced  by  creep  act  as  nuclei  for  fatigue.  Good  agree¬ 
ment  has  been  obtained  in  correlating  literature  data  from  numerous  sources. 
The  research  is  described  in  a  paper  to  be  given  at  the  Symposium  on  Thermal 
and  High  Strain  Fatigue  to  be  held  in  London  in  June  1967*  and  is  to  be  pub¬ 
lished  by  the  Institute  of  Metals,  London,  England  (ref.  19). 


III.  U.  S.  AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY 

A.  Fatigue  Damage  Indicator  (S-N  Gage) 

Considerable  work  has  been  done  within  the  U. S.  technical 
community  on  the  feasibility  of  utilizing  an  annealed  foil  strain  gage  as  a 
fatigue  damage  indicator  or  S-N  gage.  Several  of  these  gage  configurations 
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are  now  on  the  commercial  market  in  the  U.  S. 

The  Lockheed-Georgia  Company  recently  completed  a  comprehensive 
feasibility  investigation  of  this  fatigue  damage  indicator  concept  under 
contract  to  the  Air  Force  Flight  Dynamics  Laboratory  (ref.  20).  This  effort 
was  comprised  of  C  evaluation  of  various  gage  concepts  and  configurations, 

(2)  selection  and  optimization  of  sensor  and  integrated  electronic  systems, 

(3)  determination  of  behavior  characteristics  and  response  on  laboratory  coupon 
fatigue  tests,  and  ( 4)  practical  application  tests  on  0-130E  wing  fatigue  tests 
which  were  already  in  progress  in  the  contractor's  facility.  From  the 
results  obtained,  it  appears  the  concept  and  use  of  these  S-N  gages  show 
considerable  promise  as  a  means  of  directly  determining  the  fatigue  life 
status  of  a  component.  More  work  must  be  done  in  Buch  areas  as  improving  the 
threshold  sensitivity  of  the  gage  (now  limited  to  approximately  0.001  strain) 
and  interpretation  of  the  results.  The  Air  Force  Flight  Dynamics  Laboratory  is 
continuing  this  S-N  gage  investigation  in-house  in  its  own  Structures  Labora¬ 
tory. 

B.  Optimization  of  Ordered  Load  Spectra  in  Full-Scale  Structural 

Fatigue  Tests 

This  work,  performed  by  the  National  Research  Laboratories  (Dr. 
Schijve)  is  the  evaluation  of  random  -versus  programmed  (ordered)  load  sequences 
with  and  without  GAG  cycles  —  utilizing  the  large  F-27  wing  skin  panels  as 
test  specimens  (ref.  21). 

Supplemental  work  is  underway  by  Dr.  Schijve  to  continue  the  inves¬ 
tigation  of  the  optimum  ordered  spectra  previously  developed  towards  better  . 
definition  of  selection  criteria  for  maximum  and  minimum  load  levels  selected. 
Crack  propagation  phenomena  will  be  used  to  define  these  limits. 

C.  Fracture  Mechanics  —  Crack  Propagation 

An  improved  theory  for  the  crack  growth  analysis  of  cyclic  loaded 
structures  is  being  developed  in-house.  The  theory  assumes  that  the  crack- 
tip  stress  intensity— factor  range,  Ak,  is  the  controlling  variable  for 
analyzing  crack  extension  rates.  The  new  theory,  however,  takes  into  account 
the  load  ratio,  R,  and  the  instability  when  the  stress— intensity  factor 
approaches  the  fracture  toughness  of  the  material,  k  .  Excellent  correlation 
is  found  between  the  theory  and  extensive  experiments?  data.  A  computer 
program  has  been  developed  using  the  new  theory  to  analyze  the  crack  propagat¬ 
ion  and  time  to  failure  for  cyclic  loaded  structures  (ref.  22). 

Current  efforts  are  continuing  in  this  area  with  attempts  to  apply 
this  theory  in  work  connected  with  crack  propagation  investigations  associated 
with  structure  vulnerability  to  small  arms  fire  of  typical  aircraft  materials 
and  configurations  including  residual  fatigue  life  of  damaged  structure. 

D.  Time  Compression  in  Elevated  Temperature  Fatigue  Testing 

Efforts  are  continuing  in  the  AFFDL  Structures  Laboratory  on  a 
program  of  Experimental  Verification  of  the  Elevated  Temperature  Fatigue  Test 
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Time  Compression  Theory  as  previously  reported  (ref.  23). 

A  general  method  is  proposed  for  compressing  the  elevated  tempera¬ 
ture  fatigue— test  time  for  supersonic  aircraft  operating  at  Mach  2  to  5.  For 
time-dependent  processes,  the  test  time  can  he  compressed  only  by  increasing 
the  rate  of  damage  accumulation  in  a  controlled  manner.  The  problem  is 
approached  by  constructing  interaction  diagrams  involving  creep,  fatigue,  and 
thermal  cycling.  The  fatigue  test  format  for  a  particular  mission  is  synthe¬ 
sized  by  combining  appropriate  portions  of  the  interaction  diagrams  to  achieve 
an  adequate  flight-damage  simulation  in  minimum  time. 

Tests  are  in  progress  to  construct  the  interaction  diagrams  for 
four  regimes  of  the  supersonic  flight  profile  involving  (l)  moderate  constant 
temperature,  (2)  moderate  variable  temperature,  (3)  elevated  constant  tempera¬ 
ture,  (4)  elevated  variable  temperature.  Two  materials,  Ti~8Al— lMo— IV  and 
AM  350  SCT  850,  are  being  used. 

Tests  for  the  first  regime  are  complete  and  indicate  a  maximum 
time  compression  ratio  of  45  can  be  achieved  by  replacing  a  large  number  of 
low  amplitude  cycles  with  a  smaller  number  of  higher  amplitude  cycles.  Thermal 
cycles  in  the  second  regime  can  be  replaced  by  additional  load  cycles.  Also, 
omission  of  creep  time  in  the  third  regime  may  result  in  predicted  lives  which 
are  too  short. 

Eventually,  simulated  mission  tests  on  coupons  and  finally  on 
component  structures  will  be  performed  to  substantiate  the  prediction  method. 

E.  Fatigue  Strength  Design  and  Analysis  of  Aircraft  Structures 

Fatigue  analysis  and  design  of  aircraft  structures  have  been 
studied  by  the  Air  Force  Flight  Dynamics  Laboratory  (ref.  24).  A  computer 
program  was  generated  to  calculate  fatigue  damage  in  a  structural  element. 

Input  data  to  the  program  basically  consist  of  load  spectra  and  fatigue 
strength  data  (S-N  data).  The  program  is  oriented  to  an  aircraft-mission 
flight— profile  analysis.  The  Palmgren-Miner  damage  method  is  employed  in  the 
program. 


As  an  aid  to  safe— life  prediction,  an  investigation  was  conducted 
to  establish  applicable  scatter  factors  to  cover  variations  in  fatigue 
allowables  and  loading  environment.  Basic  scatter  in  fatigue  life  was  derived 
statistically  from  fatigue  test  data  representative  of  specimens  and  structures 
with  various  loading  spectra.  The  assessment  of  load  variations  presented  a 
more  formidable  problem.  The  approach  to  this  aspect  of  life  scatter  was 
made  through  an  operational  life  scatter  factor.  Operational  life  scatter 
factors  were  defined  in  terms  of  a  joint  probability  distribution  of  applied 
load  spectra  variation  in  a  fleet  of  aircraft  and  the  basic  fatigue  scatter  as 
established  by  fatigue  test  data.  Several  joint  probability  models  were 
established.  In  an  effort  to  check  the  concept  of  the  joint  probability  model, 
a  comparison  was  made  with  an  actual  0-124  aircraft  service  history  failure. 

A  good  correlation  was  obtained  between  predicted  and  actual  total  number  of 
failures. 
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Safe  life  of  a  structure  can  be  estimated  from  the  damage  computed 
by  the  program  and  scatter  factors  associated  with  probabilities  of  failure 
can  be  derived.  An  additional  utilization  of  this  overall  program  is  in  the 
establishment  of  fatigue  strength  design  charts. 

F.  F— 100  Fatigue  Program 

The  Air  Force  Logistic  Command  (Sacramento  Air  Material  Area,  SMAMA) 
has  recently  sponsored  a  structures  investigation  by  North  American  Aviation 
to  re-evaluate  the  service  life  of  the  F— 100  series  aircraft  towards  certifying 
the  fleet  for  an  extended  service  life  of  .5500  flight  hours  (ref.  25). 

The  program  consists  of  three  phases  as  follows: 

—  In  a  "Lead  the  Fleet"  accelerated  flying  program,  18 
completely  instrumented  aircraft  and  18  aircraft 
equipped  with  counting  accelerometers  were  deployed 
at  5  bases.  Standard  useage  was  established  from 
100  aircraft  equipped  with  counting  accelerometers 
deployed  at  many  bases. 

—  "Analysis  &  Design  —  Fatigue  Analysis,"  element 
fatigue  tests,  the  re— design  of  any  critical  areas. 

—  Full-Scale  Fatigue  Test  —  Two  complete  wings  plus 

one  complete  fuselage  and  empennage  were  tested.  One 
wing  was  in  the  current  configuration.  The  second 
wing  incorporated  the  modifications  from  Phase  II  — 
Analysis  fc  Design. 


tv.  It.  ft-.  m  MATWHL8  WliW 

A.  Mechanical-Metallurgical  Aspects  of  the  Fatigue  Process 

In  one  project  (ref.  26),  low-cycle  axial  fatigue  tests  were 
performed  on  high— purity  aluminum  and  an  Al— 10$  Zn  alloy.  Constant  strain 
rates  of  5  and  150$  per  minute  were  employed  at  a  strain  amplitude  of  2$ 
(+1$)  over  the  temperature  interval  20  to  1+82 °C.  Electron  microscopy  was 
applied  utilizing  improved  replication  techniques  to  study  crack  initiation, 
crack  growth,  and  failure.  A  number  of  crack-growth  curves  were  established. 

At  temperatures  above  260°C,  where  grain  boundary  sliding  and  migration 
become  active,  the  one-to-one  migration-cycle  process  (for  fine-grained 
materials)  yielded  an  activation  energy  of  18.5  K  cal/raol,  approximately 
equal  to  that  for  self-diffusion  along  boundaries.  Double  kinking  in  single 
crystals,  orthogonal  boundary  diffusion  and  fracture  at  very  high  temperatures, 
and  the  role  of  strain  rate  are  discussed  in  considerable  detail. 

In  another  research  program,  Weissraann  (ref.  27)  has  studied  the 
structural  changes  in  bending  fatigue  of  silver  and  aluminum  crystals  by  met- 
allograpnic,  X— ray  and  electron  microscope  methods.  The  fatigue  process  may  be 
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divided  into  three  consecutive  broad  stages  characterized  by  an  increase  in 
dislocation  density,  formation  of  substructure  and  fragmentation  into  cell 
structure,  respectively.  Strain  and  temperature;  are  the  two  parameters 
controlling  the  development  of  the  dislocation  substructure.  Both  a  decrease 
in  strain  or  an  increase  in  temperature  cause  growth  of  subgrains  and  cells, 
while  variation  of  the  parameters  in  the  opposite  direction  has  an  inverse 
effect  on  the  structure.  The  growth  of  subgrains  and  cells  resulting  from 
cycling  with  lowered  strain  amplitude  is  attributed  to  a  mechanism  involving 
dislocation  climb.  The  life  of  single  crystals  of  silver  (low  stacking  fault 
energy, Y )  was  nearly  two  orders  of  magnitude  greater  than  that  of  aluminum 
(high 7  ).  The  introduction  of  a  grain  boundary  reduced  the  life  for  both  to 
the  same  level,  thus  eliminating  the  beneficial  effect  of  low  stacking  fault 
energy  on  fatigue  life.  The  deleterious  effect  of  boundaries  introduced  as 
stress— raisers  was,  however,  eliminated  by  alternating  the  cycling  between 
high  and  low  strain  amplitudes.  The  fatigue  life  of  aluminum  crystals  could 
thus  be  extended  fourfold.  The  technique  of  alternating  cycling  produced 
internal  deformation  of  the  areas  with  high  internal  stresses. 

Grosskreutz  is  continuing  his  long-term  research  on  fatigue 
mechanisms.  Studies  of  the  mechanism  of  long-life  fatigue  in  notched  7075— T6 
aluminum,  by  means  of  optical  and  electron  microscopy,  have  just  been  reported 
(ref.  28).  Cracks  were  observed  to  nucleate  at  inclusions  on  the  notch  surface 
as  a  result  of  highly  localized  plastic  deformation.  At  least  65  percent  of 
total  life  is  expended  before  a  crack  greater  than  20  microns  long  can  be 
detected.  The  final  20  percent  of  life  is  spent  in  propagating  a  dominant 
crack  across  the  gauge  section  of  the  sample.  The  fracture  surfaces  so  pro¬ 
duced  were  studied  by  electron-microscope  fractography.  The  dominant  mechanism 
of  crack  propagation  is  striation  formation.  Striation  spacings  and  surface 
crack  lengths  were  used  to  calculate  crack  growth  rates.  No  consistent  power- 
law  relationship  between  this  rate  and  the  crack  tip  stress— intensity  factor 
could  be  found.  Dislocation  densities  of  ~  2  x  10^  lines/cm^  were  observed 
near  the  crack  tip  by  transmission  electron  microscopy.  Comparison  of  the 
second— phase  precipitate  structure  at  the  crack  tip  with  the  structure  of 
uncycled  material  reveals  evidence  of  overaging  in  the  fatigued  material. 

B.  Crack  Propagation  and  Notch  Effects 

A  room  temperature,  axial— loading  low-cycle  fatigue  investigation 
on  202k—1 T4  and  7075— T6  aluminum  alloys,  using  notched  cylindrical  specimens, 
was  conducted  at  minimum-to-maximum  stress  ratios  R  of  — 2.5>  —2.0,  — 1.5> 

—1.0,  0.0  and  0.6.  It  was  observed  that  the  fracture  mechanism  of  low-cycle 
fatigue  involves  "Stage  II"  fatigue  crack  growth  which  is  characterized  by 
the  development  of  ductile  striations  and  two  essential  types  of  secondary 
fracture  surfaces.  It  is  shown  that  ductile  fatigue  crack  growth,  which 
involves  two  types  of  ductile  striations,  is  governed  by  the  local  irreversible 
plastic  deformation  at  the  crack  tip  in  both  alloys. 

The  most  important  mode  of  secondary  crack  growth  in  2024—' T4  aluminum 
is  the  brittle  fracture  or  decohesion  of  the  constituent  particles  ahead  of 
the  crack  tip  and  the  subsequent  growth  of  the  interior  cracks  toward  the  main 
crack.  The  size  of  the  plastic  zone  at  the  crack  tip  appears  to  determine  the 
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degree  of  influence  of  this  mode  of  fracture  on  overall  crack  growth  rate.  In 
7075-T6,  the  dominant  mode  of  secondary  crack  growth  is  the  quasi-cleavage 
fracture  of  the  matrix.  The  frequency  of  occurrence  of  these  two  modes  of 
secondary  crack— growth  increases  with  the  stress  ratio,  i.e.,  with  increasing 
mean  stress.  The  change  in  the  modes  of  crack  growth  due  to  a  change  from  low 
to  high  mean  stress  contributes  to  the  relative  differences  in  fatigue  strength 
of  the  two  materials  at  various  stress  ratios  (ref.  29). 

The  stress  and  strain  in  an  elas to— plastic  plate  containing  a  crack 
have  been  obtained.  The  large  deformations  and  general  work-hardening  have 
been  taken  into  consideration.  In  addition,  the  results  are  used  to  predict  a 
fracture  stress  as  a  function  of  the  material's  mechanical  properties  (ref.  30). 

The  three-dimensional  stress  distribution  near  the  tip  of  a  semi- 
infinite  crack  embedded  in  an  infinite  plate  of  arbitrary  thickness  has  been 
investigated.  The  problem  is  formulated  by  means  of  three  biharmonic  functions 
in  the  classical  theory  of  elasticity  as  developed  by  Galerkin.  The  eigen¬ 
function  expansion  technique  of  Williams  for  solving  two-dimensional  crack 
problems  is  incorporated  into  the  three-dimensional  crack  analysis.  It 
found  that  the  stresses  rr,  zz,  G  are  singular  of  the  order  of 
r  being  the  distance  measured  from  the  crack  point,  but  the  transverse  shear 
components  6z  are  bounded  everywhere  in  the  plate.  Determined  in  an 

approximate  manner  is  the  intensity  of  the  crack-edge  stress  field  which  de¬ 
pends  on  the  thickness  coordinate  of  the  plate.  The  results  provide  an  im¬ 
proved  understanding  of  the  three-dimensional  aspects  of  fracture  theories, 
particularly  on  the  effect  of  plate  thickness  (ref.  31). 

Crack  propagation  experiments  were  conducted  in  polyester  resin 
sheets  containing  a  central  crack.  Uniaxial  tension  loading  at  several  load¬ 
ing  rates  was  applied  perpendicular  to  the  crack  direction.  Two  types  of 
experiments  were  conducted:  (l)  high  loading  rate  tests  at  24 °C  and  -4-5  °C, 
with  a  constant  loading  rate  to  study  the  acceleration  characteristics  of 
cracks  running  in  a  glassy  material,  and  (2)  high  temperature  low— loading 
rate  tests  to  study  slow  crack  propagation  when  appreciable  viscous  dissipation 
could  occur.  During  crack  propagation,  full-frame  photographs  were  taken,  of 
the  photoviscoelastic  isochromatic  patterns  and  crack  tip  position  at  framing 
rates  from  250  to  .100,000  frames  per  second.  Even  at  loading  rates 
exceeding  1CP  psi  per  second,  isochromatic  patterns  prior  to  crack  propagation 
compared  closely  with  static  patterns.  Constant  crack  velocities  were  achieved 
in  the  high  loading-rate  tests  and  the  isochromatic  patterns  compared  closely 
with  the  theoretical  solution  of  Broberg.  During  the  crack  acceleration 
period,  the  experimental  data  could  not  be  represented  adequately  by  the  Berry 
elastic  theory.  For  the  early  phase  of  the  slow  (viscous)  crack— growth  period, 
the  crack  length  could  be  predicted  using  a  simple  theory  proposed  by 
Schapery  and  Williams. 

Several  tests  were  conducted  on  silicon— iron  metal  sheets  to  show 
that  the  same  testing  technique  can  be  applied  to  the  study  of  crack  growth  in 
metals  (ref.  32). 
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Neuber  has  developed  a  series  of  extensions  to  the  notch  stress 
theory  which  have  been  obtained  in  the  last  few  years.  In  Part  I  an  applica¬ 
tion  of  the  leading— function  hypothesis  is  checked  by  comparison  with  exact 
solutions  of  non-linear  two-dimensional  elastic  problems.  The  first  refers  to 
the  state  of  shear  stress  in  sharp  notches,  the  second  to  a  symmetric  state  of. 
plane  stress  in  the  neighborhood  of  a  circular  hole.  Neuber  treats  problems  of 
stress  concentration  in  notches,  loaded  by  single  forces.  As  a  typical  example, 
the  parabolic  notch  is  explained  in  detail.  Other  problems  given  refer  to  the 
effect  of  couple  stresses.  Exact  formulae  are  given  for  circular  holes  and 
spherical  cavities  in  uniform  tension  fields  by  means  of  a  new  general  solu¬ 
tion  derived  by  the  author.  A  new  interpolation  formula  for  notches  of  any 
depth  is  established  (ref.  33). 

The  effect  of  tensile  stress  fields  due  to  holes,  superimposed  on 
the  stress  fields  due  to  external  notches,  was  investigated  by  means  of  photo- 
elastic  techniques  and  tensile  fracture  tests.  A  Columbia— resin  photoelastic 
material,  CR— 39,  and  the  titanium  alloy  2.5A1— l6v,  aged  to  a  brittle  condition, 
were  used  to  construct  simple  model  systems  for  these  studies,  as  a  first  step 
to  simulate  a  prototype  ceramic  material.  For  the  model  systems  employed  in 
the  investigation,  no  significant  degree  of  interaction  occurred  between  the 
stress  fields  of, holes  and  the  stress  field  due  to  the  notch.  Although  the 
holes  produced  considerable  localized  stress  inhomogeneities,  this  effect  did 
not  extend  to  the  root  cf  the  notch  where  the  maximum  stress  was  determined 
solely  by  the  stress  concentration  factor  of  the  notch.  The  results  of  the 
tensile  fracture  tests  confirmed  the  stress  field  studies.  Elastic  stress- 
field  equations  of  notches  and  holes  provided  a  satisfactory  means  of  estimat¬ 
ing  the  earliest  possible  interaction  of  stress  raisers.  However,  a  more 
suitable  ceramic— prototype  should  have  an  interaction  of  stress  fields  extend¬ 
ing  to  locations  of  maximum  stress.  It  is  suggested  that  this  may  be  achieved 
by  closer  spacing  and  increasing  the  severity  of  inhomogeneities  (ref.  3*0* 

The  interaction  effects  of  the  stress  fields  of  edge  notches  and 
holes  or  elongated  slots  have  been  studied  by  photoelasticity  techniques,  in 
an  effort  to  obtain  the  basic  information  required  for  a  fracture  analysis  of 
inhomogeneous  brittle  materials  such  as  ceramics.  Actual  fracture  tests  on 
selected  similar  configurations  were  conducted  on  a  brittle  titanium  alloy  to 
provide  an  experimental  check  on  the  stress  analysis  and  photoelastic  work. 

Both  one-sided  and  mutual  interaction  of  the  stress  fields  of  the  edge  notches 
and  holes  were  observed  and  their  occurrence  depends  upon  the  configuration 
and  proximity  of  the  two  stress  concentrators.  The  photoelastic  results  re¬ 
vealed  that  a  simplified  uniaxial  stress-distribution  analysis  predicts  far 
larger  interaction  distances  than  were  actually  observed.  Consideration  of 
the  stress  field  biaxiality  together  with  a  more  accurate  stress-distribution 
analysis  is  required  for  a  quantitative  prediction  of  the  observed  effects.  A 
unified  interpretation  of  the  interaction  effects  can  be  obtained  from  a  graph 
of  stress-concentration  factor  increase  versus  the  relative  interflaw  spacing 
^ /r,  where  r  is  the  root  radius  of  the  neighboring  notch  (ref.  35)* 

C.  Structural  Reliability 

A  new  approach  to  structural  reliability  analysis  based  on  order 
statistics  is  introduced  by  considering  the  expected  time  to  the  first 
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failure  in  a  fleet  of  specified  magnitude.  Because  in  the  design  of  large 
structural  units,  such  as  transport  aircraft,  failure  of  even  a  single  unit 
must  be  prevented,  reliability  analysis  and  design  for  a  "mean  time  to  failure" 
seems  to  be  an  unjustified  extension  of  the  use  of  methods  of  reliability 
analysis  developed  for  inexpensive  mass-produced  items  of  relatively  short 
service  lives  to  the  reliability  assessment  of  expensive,  large  units.  A 
method  for  the  estimate  of  the  expected  time  to  the  first  failure  is  outlined 
and  the  implications  of  the  use  of  this  time  in  reliability  analysis  end  design 
are  discussed  (ref.  36). 

General  expressions  were  obtained  for  the  probability  that  a  simple 
redundant  structure  of  material  with  a  statistical  yield  point  can  sustain  the 
applied  load  even  when  yielding  occurs  in  some  of  its  members.  In  fail-safe 
design,  the  conditional  probability  of  survival  of  the  structure,  under  the 
hypothesis  that  yielding  has  occurred  in  at  least  one  of  the  members,  is  as 
significant  as  the  expected  life  of  the  damaged  structure.  Numerical  examples 
indicate  that  while  the  structure  utilizing  the  yielding  material  is  appreciably 
better,  from  the  point  of  view  of  fail-safe  design,  than  that  using  a  brittle 
material,  caution  should  be  exercised  to  apply  the  notion  of  fail-safe  design 
to  redundant  structures  against  failure  due  to  yielding,  since  the  conditional 
probability  of  survival  is  low  (ref.  37)* 

The  relationship  between  fleet  size,  earliest  failures,  and  the 
reliability  of  the  population  based  on  non— parametric  methods  and  on  extremal 
statistics  is  examined.  The  use  of  extreme  observations  in  the  reconstruction 
of  the  distribution  of  "parent"  populations  is  discussed,  and  is  illustrated 
with  data  from  fatigue  and  impact  tests  (ref.  38). 

In  the  reliability  analysis  of  large  structures,  usually  only  a 
very  small  sample  can  be  tested.  Hence,  the  expected  time  to  first  failure 
and  possibly  the  expected  value  of  the  time  interval  between  the  first  and  the 
second  failures  are  much  more  significant  measures  than  the  mean  time  to  fail¬ 
ure  or  any  related  measure  of  the  central  tendency  of  the  distribution  of  times 
to  failure.  General  expressions  for  these  expected  values  and  associated 
variances  are  derived  and  numerical  computations  are  carried  out  using  three 
types  of  distribution  of  the  time  to  failure:  (l)  the  logarithmic  normal  dis¬ 
tribution,  (2)  the  gamma  distribution,  and  (3)  the  Third  Asymptotic  distribu¬ 
tion  of  extreme  (smallest)  values  (ref.  39)* 

D.  Mechanism  of  Stress  Corrosion  Cracking 

The  mechanism  of  stress— corrosion  cracking  in  7079  aluminum  alloy 
was  investigated  by  analysis  of  microstructural  changes  that  occur  during 
exposure  to  3.5  percent  NaCl  solution.  During  the  corrosion  reaction,  dislo¬ 
cation  networks  were  generated  within  the  grains  and  along  strain-contour 
bands.  Grain-boundary  voids  occurred  where  several  of  these  bands  originated 
or  terminated.  This  suggests  that  the  intragranular  structure  develops  as  a 
reshlt  of  hydrogen  entering  the  alloy  and  that  the  voids  are  propagated  under 
applied  load  to  form  grain— boundary  cracks  (ref.  40). 
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A  review  of  the  existing  theories  for  the  mechanism  of  stress- 
corrosion  cracking  indicated  that  the  electrochemical-mechanical  theory  was 
most  consistent  with  existing  data  for  stress— corrosion  cracking  in  high-strength 
aluminum  alloys.  However,  experimental  crack— kinetics  studies  did  not  reveal 
fast  fracture  steps  which  would  be  associated  with  such  a  mechanism.  The 
cracking  rates  were  well  within  the  limits  predicted  by  an  electrochemical 
mechanism.  A  statistically-designed  experiment  to  study  the  effects  of 
metallurgical  variables  on  stress-corrosion-cracking  behavior  of  high— purity 
7039—  and  7079— type  alloys  has  revealed  several  important  facts.  Stress— 
corrosion-cracking  susceptibility  is  a  function  of  the  stress  normal  to  the 
grain  boundaries  rather  than  a  function  of  the  applied  stress  on  these 
materials  in  thin  sheet  and  plate  form.  Compensation  for  this  effect  was 
necessary  before  the  effects  of  other  metallurgical  variables  could  be  deter¬ 
mined.  Chromium-alloy  additions,  silver  additions,  a  more— severe— than-normal 
solution  heat  treatment,  overaging,  and  the  combination  of  silver  and  over— 
aging  or  the  combination  of  chromium  and  the  more-severe— solution— heat  treatment 
were  all  beneficial  to  the  stress— corrosion— cracking  resistance  of  these  alloys. 
Copper  additions  were  detrimental.  The  combined  results  of  electrochemical, 
autoradiographic,  electron— transmission,  and  electron-replica  studies  strengthen 
the  belief  that  cathodically— produced  hydrogen  dissolved  in  strained  grain 
boundaries  is  essential  for  the  initiation  of  stress— corrosion  cracking  in 
these  alloys.  Based  on  these  results  a  mechanism  is  proposed.  This  proposed 
mechanism  involves  the  absorption  of  cathodically— produced  hydrogen  into 
tensile— strained,  mechanically  weak  (alloy— depleted  zones)  grain  boundaries. 

The  hydrogen  acts  to  reduce  the  activation  energy  for  anodic  dissolution  of 
the  metal  and  thus  accelerates  the  localized  corrosion  at  the  grain  boundaries 
perpendicular  to  applied  tensile  stresses  (ref.  41). 

E.  Work  Hardening 

The  influence  of  the  work— hardening  exponent  on  the  fracture  tough¬ 
ness  of  4340,  18$  nickel  maraging,  and  AM-355  stainless  steel  was  studied.  In 
most  cases,  the  effects  produced  by  variations  in  work  hardening  were  difficult 
to  analyze  due  to  accompanying  changes  in  yield  strength  and  microstructure. 

In  this  investigation,  the  transition  in  fracture  mode  induced  by  varying 
section  size  was  used  as  a  basic  evaluation  method  since  complicating  effects 
due  to  yield  strength  changes  were  not  introduced.  The  results  indicated 
that  the  transition  from  flat  to  shear  failures  occurred  in  larger  section 
sizes  in  the  material  with  the  lower  work-hardening  exponent.  Once  full  shear 
failures  were  obtained,  however,  materials  with  higher  work— hardening  coeffi¬ 
cients  required  greater  energy  to  produce  failure.  The  influence  of  work 
hardening  on  the  transition  behavior  could  be  rationalized  on  the  basis  of  the 
larger  plastic  zone  present  in  the  steel  with  the  lower  strain— hardening 
coefficient.  Although  useful  correlations  between  the  strain-hardening  index 
and  the  fracture  mode  transition  could  be  obtained,  no  quantitative  relation¬ 
ship  between  the  work— hardening  exponent,  as  defined  by  strain  to  maximum  load, 
and  plane  strain  fracture  toughness  was  evident  (ref.  42). 

Tne  influence  of  the  work-hardening  exponent  on  the  variation  of 
fracture  toughness  with  material  thickness  was  studied  for  high-strength  steel, 
aluminum,  and  titanium  alloys.  The  results  indicate  that  when  materials  are 
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compared  at  similar  fracture  toughness— yield  strength  ratios,  the  material  with 
the  .lower  work— hardening  exponent  undergoes  the  transition  from  flat  to  slant 
fracture  at  a  larger  thickness  than  material  with  a  high  work— hardening 
exponent.  In  the  thickness  range  where  complete  slant  fracture  is  obtained, 
the  reverse  is  true  and  a  lower  work— hardening  exponent  results  in  a  lower 
fracture  toughness.  The  influence  of  work— hardening  exponent  on  fracture 
toughness  is,  therefore,  dependent  on  the  particular  fracture  mode.  In  the 
transition  region,  a  lower  work— hardening  exponent  is  beneficial  for  fracture 
tougnness  while  in  the  100$  slant  region  it  is  detrimental.  The  influence 
of  the  work— hardening  exponent  on  cyclically— induced  crack— growth  rates  in 
AISI  4 340  steel  and  13V—  HCr— 3A1  titanium  was  also  evaluated.  In  the  steel 
the  growth  rate  was  slightly  less  for  the  material  with  the  lower  work- 
hardening  exponent  while  the  titanium  exhibited  no  significant  trend  as  a 
function  of  work— hardening  characteristics.  The  specimen  thickness  had  the 
greatest  effect  on  the  cyclically— induced  crack  growth  with  decreased  growth 
rates  present  in  the  thicker  specimens.  Attempts  were  also  made  to  control 
the  process  zone  size  by  adding  zirconia  particles  to  a  high-strength  steel 
matrix  through  powder  metallurgy  techniques.  Particle  spacings  between 
approximately  20  and  1700  microns  produced  no  significant  effect  on  the 
fracture  behavior  (ref.  4.3). 

F.  Surface  Effects 

Kramer  (refs.  44,  45,  46)  has  demonstrated  that  a  region  of  high- 
dislocation  concentration  exists  in  the  region  at  the  surface  of  a  deformed 
metal.  This  dislocation-rich  layer  impedes  the  movement  of  mobile  disloca¬ 
tions,  Strain  cycling  tests  of  aluminum  have  shown  that  for  a  given  applied 
stress,  the  average  velocity  of  the  dislocations  is  affected  by  the  surface. 

It  appears  possible  to  explain  the  surface  effects  in  terms  of  stress  field 
associated  with  the  surface  layer,  and  the  exponent  m*  in  the  equation 
V  a  T*  m*  ,  where  V  is  the  dislocation  velocity  and  ']"*  is  the  effective 
stress.  For  aluminum  crystals,  additional  internal— dislocation  barriers  were 
not  formed  in  Stage  I  and  it  was  possible  to  show  that  Stage  I  ends  when  the 
difference  between  the  applied  stress  and  the  surface  stress  on  the  secondary- 
slip  system  equals  the  critical  resolved  shear  stress.  The  effect  of  the 
surface  was  found  to  be  greater  on  polycrystalline  specimens  than  on  single 
crystals.  For  Armco  iron,  the  surface  stress  was  almost  twice  as  great  as 
that  due  to  internal  obstacles.  The  yield  point  in  high— purity  metals  was 
associated  with  the  surface  layer. 

The  stress  associated  with  the  surface  layer  was  determined  for  iron 
and  molybdenum.  These  measurements  show  that  the  surface  layer  plays  a  very 
important  role  in  the  plastic  deformation  of  b.c.c.  metals.  From  the  relation¬ 
ship  between  strain  and  the  surface  layer  stress  and  the  back  stress  imposed 
by  the  internal  obstacles,  it  is  proposed  that  the  term 

0?  of  the  Hall— Fetch  equation  (o„  =  +  Kd 

1  f  f 

is  related  only  to  the  surface  stress  while  the  term  K^d" 

required  to  move  dislocations  through  internal  obstacles.  Further,  it  was 
possible  to  derive  the  well-known  empirical  equation  —  _  n  and  it  is 

0  --  a  e 
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shown  that  the  term  a  is  comprised  of  two  terms:  C  associated  with  the 
surface  layer  stress  and  related  to  internal  dislocation  obstacles. 

The  effect  of  specimen  diameter,  d,  on  the  flow  stress-,  a  ,  of 

& 

polycrystalline  aluminum  (99-997$)  was  studied.  The  increase  in  the  flow  stress 
could  be  accounted  for  by  the  increase  in  the  surface  layer  stress  with  de¬ 
creasing  specimen  size. 


V.  U.  S.  NAVY  AERONAUTICAL  STRUCTURES  LABORATORY 
A.  Structural  Fatigue  Research 

The  fatigue  investigations  conducted  by  the  Aeronautical  Structures 
Laboratory  (ASL)  of  the  Naval  Air  Engineering  Center  are  concerned  primarily 
with  the  development  and  verification  of  (l)  fatigue  life  prediction  methods, 
and  (2)  statistical  reliability  methods  applicable  to  structures.  Laboratory 
structural— fatigue  investigations  and  development  work  are  also  conducted  in 
connection  with  specific  structural  problems  arising  in  fleet  aircraft.  The 
laboratory  facilities  have  been  expanded  by  the  addition  of  a  100— kip  fatigue 
test  machine  and  a  multi— actuator  structural— loading  system,  both  of  which  are 
servo-controlled  digitally— programmed  systems  capable  of  applying  random  loads. 

The  laboratory's  investigation  of  cumulative  damage  and  life  estima¬ 
tion  methods  is  continuing  using  both  full-scale  aircraft  and  simple  beam 
structures.  One  of  the  major  problems  investigated  is  the  effect  of  including 
negative  loads  in  the  positive  load  spectrum  for  fighter  aircraft.  A  recently- 
completed  program  (ref.  47)  using  fighter  wings  made  from  7075-T6  aluminum 
alloy  demonstrated  that  the  inclusion  of  negative  loads  in  the  spectrum  for  a 
fighter  wing  can  reduce  the  fatigue  life  by  as  much  as  a  factor  of  seven.  This 
effect  is  being  corroborated  on  current  tests  of  simple  beam  structures  of 
7075— T6  but  the  life  reduction  factor  has  not  exceeded  four. 

The  life  data  obtained  from  these  tests  have  been  used  to  verify 
various  cumulative-damage  hypotheses.  To  date,  the  Smith  method  (ref.  48)  is 
the  only  method  that  seems  to  produce  good  agreement  with  these  test  results. 
Although  the  Smith  method  appears  to  be  based  on  cyclic— stress  data,  in  reality 
it  is  a  simplified  cyclic— strain  method  of  life  prediction.  The  errors  intro¬ 
duced  in  this  simplified  life  prediction  method  may  be  caused  by  (l)  the  use 
of  the  monotonic  stress— strain  curve  to  estimate  residual  stresses  instead  of 
the  cyclic  stress— strain  curve,  (2)  neglect  of  the  Bauschinger  effect,  and 
(3)  the  assumption  that  the  maximum  residual  stress  that  can  be  retained  by 

the  structure  is  equal  to  0.9  F  . 

cy 

To  overcome  the  errors  in  the  Smith  method  and  to  investigate 
cyclic— strain  methods  of  life  estimation,  an  investigation  is  being  conducted 
at  the  University  of  Illinois  with  Prof.  J.  D.  Morrow  as  the  principal  investi¬ 
gator.  The  cyclic  strain  behavior  of  2024—' T4  and  7075— T6  aluminum  alloys, 

SAE  4340  steel,  and  8-1-1  titanium  alloy  is  being  studied.  The  first  report 
(ref.  49)  on  this  investigation  covers  the  cyclic— strain  life  data  for  these 
materials.  Subsequent  work  using  two-step  strain— controlled  cycling  indicates 
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that  the  strain  approach  to  life  estimation  shows  great  promise  for  obtaining 
a  valid  cumulative  damage  theory. 

in-house  investigation  of  the  cycle  dependence  of  the  strain  field 
around  open  holes  in  a  quasi— infinite  plate  under  plane  stress  is  providing 
substantiation  for  the  cyclic— strain  approach  to  damage  accumulation. 

B.  Environments  Research 

A  fleet-wide  statistical  survey  of  aircraft  structural  fatigue 
based  on  flight  VGH  recorder  load-history  data  from  operational  aircraft  is 
being  conducted  by  the  Aeronautical  Structures  Laboratory  (ASL)  of  the  Naval 
Air  Engineering  Center.  Approximately  12,100  flight  hours  of  oscillograph 
records  of  maneuver  history  from  Jet  attack  and  fighter  aircraft  have  been 
analyzed  and  reported.  Results  of  these  surveys  are  published  in  reference  50* 

A  study  of  helicopter  flight-loads  environment  is  being  conducted 
in  the  SH-3A  helicopter  with  recorders  measuring  rotor  R.P.M. ,  air  temperature, 
and  engine  torque  as  well  as  VGH  data.  To  date  a  total  of  358  flight  hours 
has  been  recorded.  Since  fatigue— sensitive  components  of  helicopter  structures 
are  not  always  a  function  of  maneuver  loads,  an  additional  parameter  which  may 
yield  significant  data  on  rotor  loads  will  be  recorded  in  a  forthcoming  survey 
with  the  CH-46  helicopter.  This  parameter  is  the  periodic  load  fluctuation  in 
the  longitudinal  cyclic  links  in  the  rotor  control  system. 

A  second  aircraft  survey  is  carried  out  by  a  counting  accelerometer 
mounted  at  the  center  of  gravity  and  an  indicator  which  is  read  on  a  monthly 
basis.  All  first-line  service  aircraft  will  soon  have  a  counting  accelerometer 
as  a  permanent  part  of  the  aircraft  equipment.  As  of  January  1,  1967,  2400 

aircraft  were  equipped  with  counter  systems.  Approximately  2,000,000  hours 
of  counting— accelerometer  data  from  20  models  of  naval  aircraft  have  been 
reported  and  analyzed  to  date  (refs.  50  and  51).  Statistical  analysis  of 
service  aircraft-load  histories  reveals  wide  differences  between  the  individual 
histories  of  such  aircraft.  Seasonal  load— rate  changes  also  have  been  observed. 
Change  in  weapon-system  mission  assignments  of  a  given  model  aircraft  often 
result  in  significantly  different  load  histories.  Knowledge  of  these  changes 
in  the  flight-loads  environment  is  an  important  consideration  in  the  assign¬ 
ment  and  use  of.  service  aircraft. 

It  is  expected  that  the  VGH  recorder  data  and  counting  accelerometer 
data  combined  with  service  experience  and  structural— fatigue  test  results  can 
be  combined  to  establish  criteria  for  extending  the  useful  life  of  an  aircraft 
and  to  better  predict  airframe  structural  reliability. 

The  Laboratory  collects  approach  and  landing  data  of  naval  aircraft 
during  field  and  carrier  operations  in  order  to  obtain  statistical  data  on  the 
parameters  that  define  this  environment.  The  data  are  obtained  through  use  of 
a  specially— designed  70-mm  camera  system.  The  major  parameters  are:  sinking 
speed  for  each  gear,  horizontal  speed  at  toughdown,  wing  lift  factor,  airplane 
pitch  and  roll  angles,  off-center  distance,  glide-path  angle,  touchdown 
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distance  from  ramp,  and  flight-path,  sideslip,  and  engagement  angles. 

These  environmental  data  are  used  for  both  the  solution  of  struc¬ 
tural  landing  problems  on  operational  aircraft  and  the  formulation  of  require¬ 
ments  for  the  structural  design  and  testing  of  new  aircraft.  In  addition,  these 
data  have  been  used  to  evaluate  various  landing-aid  systems  and  to  develop 
improved  carrier  pilot  techniques. 

The  photographic  records  are  obtained  without  interference  to  field 
or  carrier  operations,  and  no  installation  of  equipment  on  the  observed  air*- 
craft  is  required.  The  photo  measurements  do  not  influence  the  landing  process, 
because  pilots  are  usually  unaware  of  the  presence  of  survey  equipment.  Results 
of  these  surveys  are  published  in  references  52  through  55. 

Because  of  the  increased  hazards  of  night  operations,  the  Laboratory 
is  presently  conducting  research  and  development  in  an  attempt  to  film  night 
landings,  and  to  compile  statistical  night  approach  and  landing  data. 


VI.  FEDERAL  AVIATION  AGENCY 

The  certification  requirements  and  advisory  materials  for  rotorcraft 
structural— fatigue  certification  have  been  revised  completely.  The  revised 
requirements  recognize  the  fail-safe  concept  and  provide  guidelines  and  require¬ 
ments  for  its  use.  Also,  the  requirements  were  placed  on  a  probabilistic 
rather  than  deterministic  basis. 

Revisions  to  the  fatigue-certification  requirements  covering  nonr- 
pressurized  structure  in  light  planes  are  also  in  the  final  phases  of  develop¬ 
ment.  (The  requirements  for  pressurized  structures  are  already  In  effect.  ) 
According  to  present  thinking,  the  fail-safe  or  safe— life  characteristics  of 
only  the  wing  and  attaching  structure  would  need  substantiation  and  previous 
satisfactory  service  experience  could  be  used  in  such  substantiation  if 
applicable  and  sufficient  to  demonstrate  adequate  fatigue  strength. 

The  fatigue  requirements  for  supersonic  transports  are  also  being 
developed.  The  two  principal  features  of  these  requirements  are:  (l)  that 
fail-safe  design  is  required  where  possible^  and  (2)  that  substantiation  of  the 
residual  fatigue  (in  addition  to  residual  static  strength)  strength  after 
obvious  partial  failure  would  be  required.  A  related  activity  concerns  the 
development  of  certification  requirements  which  would  require  additional 
redundancy  and  residual  control  in  control  systems  after  failure.  Such  require¬ 
ments  are  being  developed  for  the  SST,  subsonic  transports  and  rotorcraft. 

As  is  apparent  from  these  activities,  FAA  is,  in  general,  encouraging 
"damage  tolerant"  structure.  In  the  proposed  standards  for  the  supersonic 
transport,  this  trend  is  emphasized  by  a  requirement  that  cabin  pressurization 
be  maintained  after  cabin  punctures,  including  those  resulting  from  engine 
disintegration.  Consideration  of  the  effects  of  engine  disintegration  on 
structure  and  controls  will  also  be  required. 


265 


VII.  INSTITUTE  FOR  THE  STUDY  OF  FATIGUE  AND  RELIABILITY  -  Columbia  University 

Activity  at  this  Institute  continues  under  sponsorship  of  the  U.  S. 

Navy  and  the  U.  S.  Air  Force  and  under  the  direction  of  Prof.  A.  M.  Freudenthal. 
Recent  research  has  concentrated  along  three  lines: 

Fatigue  mechanisms  developing  in  cyclic  torsion  and  in  cyclic  torsion 
and  tension  were  observed  with  the  optical  and  electron  microscope  to  study 
the  state  physics  aspects  of  fatigue  and  damping  in  polycrystalline  metals  and 
in  single  crystals.  Also,  fractographic  methods  were  employed  to  study  the 
effect  of  micro— structure  on  crack— propagation  under  cyclic  load;  the  observed 
similarity  of  the  crack— propagation  process  in  structurally  dissimilar  materials 
(such  as  metals  and  polymers)  suggests  that  macroscopic  fracture  mechanics 
aspects  overshadow  the  effects  of  microstructure.  A  new  study  is  concerned 
with  fatigue  damage  in  composites,  such  as  a  tungsten— fibre  reinforced-copper 
matrix. 

The  phenomenon  of  second-order  strain  accumulation  in  polycrystalline 
metals  under  cyclic  torsion  has  been  studied  experimentally  and  theoretically 
to  determine  its  relation  to  fatigue.  The  significance  of  this  phenomenon  on 
the  continuum  mechanics  and  on  the  micro— structural  levels  is  of  interest. 

The  rate  of  second— order  strain  accumulation  was  found  to  increase  with  increas¬ 
ing  temperature.  The  existence  of  the  phenomenon  has  also  been  demonstrated 
in  cyclic  tension— compression  tests. 

The  reliability  of  redundant  structures  was  studied  experimentally 
and  theoretically.  A  rational  procedure  for  assessing  time  to  first  failure 
was  developed. 

References  56  to  77  have  been  published  by  the  Institute  during  the 
past  two  years. 

VIII.  NORTHROP  NORAIR 

A  procedure  was  developed  for  analyzing  the  fracture  of  ductile  sheets 
containing  fatigue  cracks.  The  procedure  is  designed  to  extend  the  usual 
Fracture  Mechanics  analysis  of  elastic  restrained  sheets  to  include  the  effects 
of  buckling  in  unrestrained  elastic  panels  and  the  effects  of  general  yielding 
in  restrained  panels.  Interactions  among  these  influences  were  evaluated  in 
tests  of  POPk— T3  aluminum  alloy  and  Ti-8A1— IMo-lV  titanium  alloy  and  in  other 
data  taken  from  the  literature  (ref.  jQ). 


IX.  LOCKHEED-CALIFQRNIA  COMPANY 

Lockheed  personnel  have  long  favored  fatigue  tests  with  variable— ampli¬ 
tude  loading  under  flight-by— flight  schedules  in  preference  to  constant— ampli¬ 
tude  tests.  Their  laboratories  are  equipped  (refs.  79-31)  with  a  large  number 
of  magnetic— tape  controlled  loading  devices  with  capacities  to  1,000,000  lbf. 
Equipment  is  available  for  tests  of  full-scale  structural  components  with  up 
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to  54  independent  channels  of  load  control. 

They  feel  strongly  that  the  higher  initial  cost  of  specimens  and  test 
apparatus  and  the  higher  skills  required  to  conduct  these  more  sophisticated 
tests  are  outweighed  by  many  factors.  For  example,  the  relation  of  the  struc¬ 
tural  details  and  load  environment  are  preserved,  less  scatter  is  experienced, 
and  the  use  of  questionable  cumulative  damage  analyses  is  eliminated.  However, 
a  need  exists  for  simplifying  the  loading  spectrum  and  for  interpreting  the  life 
observed  for  one  spectrum  in  terms  of  expected  life  under  another.  Lockheed 
is  conducting  systematic  research  to  help  supply  solutions  to  these  problems 
and  thus  to  reduce  the  high  cost  of  testing. 

The  "threshold"  stress  level  below  which  the  spectrum  could  be  truncated 
without  modifying  test  results  is  being  evaluated.  Use  is  made  of  Shanley's 
theories  of  fatigue  (refs.  82-85)  to  guide  the  selection  of  the  threshold  stress. 
Spectrum  tests  are  being  conducted  on  simple  specimens  with  and  without  stresses 
below  the  selected  level.  Once  a  threshold  is  established,  significant  time 
savings  should  be  realized  in  full-scale  tests  by  eliminating  all  stresses 
below  that  level. 

In  a  related  study,  simplified  crack  propagation  considerations  are 
being  employed  to  "adjust"  the  number  of  cycles  of  load  applied  at  the  lowest 
retained  amplitude  to  compensate  for  cycles  at  lower  amplitude  that  have  been 
eliminated.  Thus,  a  few  cycles  at  one  moderate  stress  level  might  be  substi¬ 
tuted  for  large  numbers  of  cycles  at  lower  levels.  The  resulting  "trade-off" 
is  being  verified  in  systematic  series  of  tests.  Present  indications  and 
reasoning  dictates  that  such  "trading"  be  limited  to  low  stress  levels  so  as 
not  to  modify  the  effects  of  high  loads. 

A  similar  problem  is  related  to  tests  of  helicopter  parts.  For  many 
parts  a  large  number  of  cycles  nearly-constant  amplitude  stress  is  superposed 
on  a  once— per— flight  application  of  mean  stress.  If  It  could  be  shown  that 
the  large  numbers  of  cyclic  stress  could  be  reduced  systematically,  a  consider¬ 
able  saving  in  test  time  could  be  realized.  Again,  systematic  tests  are  in 
progress  to  develop  a  reasonable  adjustment  procedure. 


267 


III.  U.  S.  AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY  (Continued) 

G.  Sonic  Fatigue 

A  method  was  developed  (ref.  86)  for  including  the  beneficial 
influence  of  curvature  in  sonic  fatigue  design.  The  simultaneous  application 
of  heat  and  noise  was  much  more  severe  than  heat  and  noise  alternately.  Curved 
titanium-faced  honeycomb  sandwich  panels  were  investigated  to  determine  the 
effects  of  high— intensity  sound,  heat  and  low-frequency  vibrating  loads.  A 
theory  was  developed  for  determining  the  natural  frequency  of  curved,  tapered— 
edge  honeycomb  panels. 

Sonic  fatigue  curves  have  been  developed  from  tests  of  three 
different  configurations  of  glass  fiber-reinforced  structures  which  are  appli¬ 
cable  to  flight  vehicles.  The  fatigue  behavior  ,of  each  configuration  was 
superior  to  that  of  aluminum-alloy  skin— stringer  panels  with  the  same  overall 
dimensions  and  surface  weight.  The  program  is  continuing  with  emphasis  on 
dynamic  analysis  and  on  tests  of  boron— reinforced  structures. 

The  Sonic  Fatigue  Facility  described  in  the  1965  Review  is  now 
operational  and  is  being  used  to  study  fatigue  behavior  components  of  full- 
scale  aircraft.  A  current  project  deals  with  the  aft  fuselage  of  the  C-lkl. 

An  infrared  inspection  system  for  fatigue  crack  detection  in  metallic 
specimens  has  been  developed  for  use  in  this  facility.  The  device  operates 
on  a  principle  of  focusing  a  small  light  beam  on  the  surface  of  the  specimen. 

The  heat  reradiated  from  the  surface  as  the  beam  scans  an  area  about  one  foot 
square  is  detected  by  a  radiometer  about  6  feet  from  the  surface.  Improve¬ 
ments  are  being  made  to  eliminate  ambiguous  signals  and  to  shield  the  instru¬ 
ment  from  the  sonic  environment. 
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ABSTRACT 


The  paper  reviews  some  of  the  fatigue  design  considerations  for  the 
materials  of  the  supersonic  transport.  Of  particular  interest  are  the  effects 
of  the  load  and  temperature  environments  to  be  encountered  during  a  desired 
life  of  50,000  hours.  Experimental  work  conducted  at  Langley  to  study 
behavior  of  candidate  materials  in  fatigue  tests,  in  crack  propagation,  in 
residual  static  strength,  in  outdoor  corrosion-fatigue  tests,  in  programmed— 
load  tests  and  others  are  cited  as  necessary  to  develop  an  assessment  of  the 
important  parameters  of  the  problem.  Most  of  the  Langley  work  has  included 
thermal  environments  ranging  from  — 110 °F  to  550 °F;  exposure  times  have 
ranged  up  to  3  years.  While  most  of  the  data  indicate  that  the  effects  of 
thermal  exposure  are  negligible,  some  of  the  recent  work  indicates  that  benefi¬ 
cial  effects  of  high  load  cycles  on  the  subsequent  fatigue  behavior  at  lower 
loads  can  be  decrease^  substantially  by  short-time  exposure  to  elevated  tempera/-  1 
ture.  The  need  for  continued  research  is  indicated  in  order  to  allow  a  reliar- 
ble  design  with  a  minimum  of  very  costly  testing. 


INTRODUCTION 


The  loads  induced  mechanically  in  the  primary  structure  of  the  wing  of 
a  supersonic  transport  during  a  typical  flight  are  portrayed  schematically  on 
figure  1.  The  principal  damage— inducing  parameters  in  this  environment  are 
the  following.  For  flight  at  Mach  3  (the  original  goal  for  the  American  SST), 
a  representative  temperature  for  external  structural  members  is  550°F  (56l°K). 
This  consideration  alone  requires  that  a  material  other  than  an  aluminum  alloy 
must  be  considered  and  titanium  alloys  are  currently  favored.  Approximately 
60  to  80$  of  the  total  .flight  time  might  be  at  speeds  that  produce  elevated 
temperatures  in  the  structure.  Thus,  behavior  of  materials  during  and  after, 
say  30,000  hours,  exposure  to  elevated  temperature  should  be  evaluated. 

The  frequency  and  magnitude  of  loadings  are  greater  during  climb  and  cruise 
phases  of  flight  when  the  material  is  at  ambient  temperature  than  they  are 
during  cruise  when  the  material  is  at  elevated  temperature.  The  combined 
effects  of  loads,  temperatures,  and  chemical  environments  are  of  interest. 

The  NASA  Langley  Research  Center  has  conducted  a  variety  of  exploratory 
studies  to  identify  the  important  facets  of  the  fatigue  problem  in  the  design 
of  a  supersonic  transport  structure.  It  is  the  purpose  of  this  paper  to  review 
some  representative  results  of  these  studies  and  to  develop  from  them  some 
general  conclusions.  The  elevated  temperature  used  for  most  tests  was  550°F 
(561 °K).  Tnis  temperature  is  higher  than  will  be  encountered  at  the  presently- 
contemplated  M  =  2. 7  cruise  speed.  However,  the  effects  of  lower  temperature 
are  expected  to  be  less  severe  than  those  presented  here.  Most  data  are  for 
the  titanium  alloy  Ti-fiAl-lMo-lV  in  the  duplex  annealed  condition,  the 
material  that  became  most  favored  about  two  years  ago.  The  presently— favored 
Ti— 6A1— material  is  expected  to  be  superior  in  its  resistance  to  corrosive 
effects.  Although  additional  substantiating  data  are  required,  it  is  expected 


277 


that,  other  trends  exhibited  in  the  data  will  be  representative  for  both  alloys. 

Additional  data  and  more  complete  descriptions  of  each  investigation  for 
these  and  other  alloys  are  available  from  the  references.  Where  appropriate, 
the  data  are  compared  with  similar  data  for  presently-used  aluminum  alloys. 

Each  of  several  considerations  of  interest  to  a  designer  is  reviewed  in 

turn. 


DISCUSSION  OF  RESULTS 


General  Fatigue  Properties 

The  S-N  curves  for  notched  (1C,  =  4)  sheet  specimens  of  Ti— 8A1— IMo-lV  are 
compared  with  a  curve  for  7075—' T6  aluminum  alloy  in  figure  2.  The  ordinate 
has  been  plotted  on  a  scale  of  maximum  stress  divided  by  density  to  compare 
efficiencies  of  the  two  materials.  The  mean  stresses  for  the  two  sets  of  data 
were  25  ksi  (173  MN/m2)  and  12  ksi  (83  MN/m2),  respectively.  All  data  are 
for  tests  at  room  temperature.  The  basic  S-N  curve  for  the  titanium  alloy  is 
seen  to  lie  above  the  curve  for  7075— T6,  indicating  a  better  efficiency.  Even 
after  27,000  hours  of  unstressed  exposure  to  550 °F  (56l°K),  the  S-N  curve 
for  the  titanium  was  higher  than  that  of  aluminum  (ref.  l).  Fatigue  properties 
of  unnotched,  fusion— welded  and  spo1>-welded  specimens  of  titanium  alloys  were 
also  essentially  unaffected  by  the  prolonged  exposure  to  the  elevated  tempera¬ 
ture.  Other  data  (not  shown)  demonstrated  that  the  fatigue  lives  of 
Ti-8Al-lMo-lV  specimens  were  reduced  by  a  factor  of  2  at  a  given  stress 
level  when  the  tests  were  conducted  at  550°F  (56l°K).  The  fatigue  notch- 
sensitivity  of  Ti-8A1— IMo-lV  also  compared  favorably  with  that  of  7075— T6. 

From  these  indications,  one  might  conclude  that  from  a  fatigue  point  of 
view  the  use  of  the  titanium  alloy  T1-8A1— IMo-lV  should  produce  a  structure  at 
least  as  efficient  as  is  achieved  with  current  aluminum  alloys. 

Fatigue  Crack  Propagation 

One  of  the  most  important  considerations  in  evaluating  the  fatigue  life 
and  fail-safe  characteristics  of  a  structure  is  the  rate  at  which  a  fatigue 
crack  propagates  through  the  material.  Figure  3  shows  a  sample  of  data  on  the 
rates  of  fatigue  crack  propagation  obtained  in  tests  of  simple  sheet  specimens 
of  two  aluminum  and  two  titanium  alloys  (refs.  2  and  3)»  The  sample  was 
chosen  for  sheets  8  inches  (203  mm)  wide  and  a  crack  length  of  0.8  inch 
(20  mm).  The  mean  stress  for  all  tests  was  approximately  20P  of  the  ultimate 
tensile  strength  of  each  material.  The  abscissa  is  the  ratio  of  the  alternat¬ 
ing  stress  to  mean  stress  in  each  series  of  tests. 

Both  titanium  alloys  had  lower  rates  of  crack  propagation  than  did  the 
aluminum  alloys,  particularly  at  low  alternating  stresses.  Similar  data 
obtained  at  550°F  (56l°K)  and  at  -109°F  (195°K)  for  titanium  alloys  indi¬ 
cated  that  the  effects  of  these  temperatures  were  moderate. 
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Thus,  one  might  anticipate  titanium  alloy  structures  to  compare  favorably 
with  current  aluminum  alloy  structures  from  the  crack  propagation  point  of 
view. 

Residual  Static  Strength  of  Cracked  Sheet 

Of  considerable  interest  to  the  designer  is  the  effect  of  cracks  on 
residual  static  strength  or  conversely,  the  length  of  crack  that  produces 
failure  at  a  given  stress.  Figure  4  presents  sample  data  from  static  tests 
of  sheet  specimens  made  of  two  titanium  and  two  aluminum  alloys  (refs.  4  and 

5) .  Tne  stress  at  failure,  computed  for  the  net  section  present  before  load 
was  applied,  has  been  divided  by  density  of  the  material  to  facilitate  compari¬ 
sons.  The  abscissa  for  each  of  the  three  plots  is  the  ratio  of  crack  length 
to  width  of  specimen  for  specimens  8  inches  (203  mm)  wide. 

Tne  strengths  of  both  titanium  alloys,  Ti-8A1— IMo-lV  and  Ti— 6A1-4V,  were 
higher  than  the  room-temperature  strength  of  7075—1*6  aluminum  alloy  throughout 
tne  temperature  range  investigated.  The  aluminum  alloy  RR— 58  proposed  for 
use  on  the  Anglo-French  Concorde  had  residual  static  strength  properties 
reasonably  like  those  of  7075— 1*6  over  the  temperature  range  of  interest. 

Again,  tnese  data  indicate  that  titanium  alloy  structures  might  be 
expected  to  have  residual  static  strengths  higher  than  those  of  aluminum  alloy 
structures  of  the  same  weight.  Conversely,  slightly  longer  crack  lengths 
should  be  tolerable  in  the  titanium  alloy  structure. 

Effect  of  Aqueous  Environment 

Tests  similar  to  those  just  discussed  were  also  conducted  in  water  or  in 
salt  water  at  room  temperature.  Loads  were  applied  to  cracked  sheet  specimens 
and  maintained  until  failure  occurred  with  the  results  shown  in  figure  5  (ref. 

6) .  The  data  are  portrayed  on  a  plot  of  net  section  stress  (computed  for  the 
net  area  existing  before  the  load  or  water  were  applied)  against  the  time  to 
failure.  Most  of  the  data  are  for  specimens  4  inches  (102  mm)  wide  with 
cracks  1  inch  (25  mm)  long. 

Very  large  reductions  in  strength  were  noted  for  aqueous  exposures  as 
short  as  1  hour.  The  most  deleterious  effect  was  noted  in  mill— annealed 
Ti— BA!— lMo— IV.  Because  the  duplex— annealed  form  of  this  alloy  was  favored, 
this  material  was  tested  in  several  thicknesses.  A  very  significant  effect  of 
thickness  vas  noted  with  the  thicker  specimens  much  more  seriously  damaged. 

The  alloy  Ti— 6.A1-4V  was  found  to  be  somewhat  less  susceptible  to  the  aqueous 
environment  than  was  Ti-8A1— IMo-lV. 

This  consideration  was  the  cause  for  much  concern  over  the  suitability  of 
titanium  alloys  for  use  in  the  SST  structure  during  the  past  two  years.  On 
the  strength  of  data  such  as  these,  the  Boeing  Company  chose  the  Ti-6A1-4V 
alloy  as  the  primary  material  for  its  structure.  The  competing  airframe 
companies,  materials  producers  and  other  interested  parties  have  worked  most 
diligently  to  develop  heat  treatment  procedures  to  improve  the  behaviors 
noted.  As  a  result,  current  versions  of  these  materials  behave  more  satis— 
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factor ily  than  indicated  here.  Research  is  continuing  to  improve  the  under¬ 
standing  of  the  basic  mechanism  of  this  mode  of  failure. 

Incidentally,  similar  tests  of  the  aluminum  alloys  2024— T3  and  7075-T6 
showed  very  little  influence  of  the  aqueous  environment. 

Canbihed  Effect  of  Elevated  Temperature  and 
Outdoor  Environment  on  Fatigue  Behavior 

In  an  effort  to  combine  the  effects  investigated  previously  in  the  fore¬ 
going  investigations,  but  in  a  somewhat  more  realistic  manner,  another  set  of 
fatigue  tests  was  conducted  out  of  doors.  The  apparatus  used  for  these  tests 
is  shown  in  figure  6.  The  same  apparatus  had  been  used  previously  for  tests 
of  aluminum  alloy  specimens  at  ambient  temperature  (ref.  7).  Basically,  the 
machine  is  a  table  mounted  on  springs  and  constrained  to  vibrate  in  the  verti¬ 
cal  direction.  Excitation  of  the  table  is  provided  by  a  slipping-clutch 
mechanism  that  moves  the  table  at  its  natural  frequency  and  at  the  desired 
amplitude.  Sheet-bending  cantilever  specimens  (66  in  number)  are  clamped  to 
the  periphery  of  this  table.  Each  specimen  has  a  mass  clamped  to  its  free  end 
to  time  the  specimen  to  vibrate  at  the  desired  amplitude  when  the  table  is  in 
motion  (see  figure  7)<  In  addition,  a  second  mass  is  suspended  from  the  first 
by  a  soft  spring  in  order  to  apply  a  desired  mean  stress  in  the  specimen.  Each 
specimen  is  heated  to  550°F  by  quartz  tube  lamps  mounted  below  the  specimen. 
The  temperature  is  controlled  by  a  servo  device  responding  to  a  thermistor 
sensor  on  each  specimen. 

In  operation  the  temperature  is  maintained  at  550°F  for  20  hours  each 
day  with  the  specimens  in  a  static  position.  The  heating  is  interrupted  for 
4  hours  each  night  (to  allow  dew  to  form),  at  any  time  that  rain  or  snow  is 
falling  and  for  a  short  period  twice  each  week  during  which  time  a  few  thousand 
cycles  of  stress  are  applied.  Specimens  of  Ti-8A1— IMo-lV  with  fusion  welds  or 
with  central  holes  are  currently  under  test  in  this  device.  The  stress,  levels 
and  the  number  of  cycles  of  stress  applied  each  week  were  chosen  to  produce 
failure  in  about  one  year  if  no  deleterious  influence  of  the  outdoor-environment 
were  found.  The  life  was  based  on  results  of  similar  tests  conducted  without 
interruption  in  a  laboratory  at  ambient  temperature. 

Preliminary  results  of  these  tests  are  displayed  in  figure  8.  Only  a  few 
failures  have  been  experienced  but  these  occurred  in  approximately  1/2  as  many 
cycles  as  were  required  to  produce  the  earliest  failures  in  the  control  tests. 
This  effect  is  of  about  the  same  order  of  magnitude  as  that  observed  in  ambient 
temperature  tests  of  bare  aluminum  alloy  specimens  in  the  same  apparatus 
earlier. 


Effect  of  Preloading  and  Exposure  to  Elevated 
Temperature  on  Fatigue  Behavior 

Another  factor  which  can  influence  fatigue  behavior  in  service  is  the 
residual  stress  left  when  a  part  Is  subjected  to  loads  high  enough  to  produce 
local  plastic  deformations.  Tests  have  been  conducted  in  which  notched  (K^,  =4) 
sheet  specimens  were  subjected  to  single  cycles  of  axial  load  and  then  tested 
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in  fatigue  at  a  common  amplitude  of  stress.  The  resulting  test  lives  are 
indicated  in  figure  9.  Tensile  preloads  produced  improvements  in  life  by- 
factors  up  to  10;  compression  preloads  reduced  lives  by  smaller  factors. 
Qualitatively,  this  effect  is  well  known  and  has  been  demonstrated  to  occur  in 
other  materials.  Although  no  specific  advantage  is  usually  taken  of  this  effect 
in  design,  the  effect  is  one  of  the  reasons  why  some  structures  behave  more 
favorably  than  is  anticipated  according  to  linear  cumulative  damage  procedures. 

When  specimens  preloaded  in  tension  were  exposed  to  550°P  (56l°K)  for 

periods  as  short  as  30  seconds,  the  beneficial  effect  of  the  preload  was  all 
but  eliminated.  Fortunately,  longer  exposures  (up  to  30  days)  caused  no 
further  reduction  in  fatigue  life.  This  effect  is  a  bit  more  disturbing  than 
those  discussed  earlier,  because  each  flight  of  the  aircraft  might  introduce 
beneficial  residual  stresses,  but  the  effect  may  be  removed  by  any  subsequent 
exposure  to  elevated  temperature.  Thus,  a  realistic  fatigue  evaluation  is 
likely  to  require  a  flight— by— flight  application  of  loads  and  temperatures. 

-  Flight— by— flight  Evaluation  of  Fatigue  Behavior 

In  order  to  provide  further  insight  into  the  fatigue  behavior  of  a  super¬ 
sonic  transport,  tests  are  being  conducted  with  flight— by— flight  schedules  of 
load  and  temperatures.  The  ten  machines  shown  in  figure  10  apply  cyclic  axial 
loads  and  heat  cycles  to  sheet  specimens  containing  six  critical  cross  sections 
each.  The  loads  are  provided  by  servo-controlled  hydraulic  loading  systems  and 
the  heat  by  quart2— tube  heat  lamps.  Anti— buckling  guides  support  the  specimens 
laterally  during  compression  loading.  The  elevated  temperature  is  programmed 
to  simulate  heating  in  real  time,  but  the  ambient-temperature  portions  of  the 
test  are  conducted  at  the  speed  achievable  by  the  load  apparatus  (approximately 
1  cps). 

In  companion  machines  similar  tests  are  conducted  on  an  accelerated  time 
scale  to  develop  methods  for  reducing  the  total  time  required  to  perform  a 
test.  (Unless  the  time  scale  is  compressed  significantly,  an  evaluation  test 
could  require  twenty  years. )  Figure  11  shows  that  at  ambient  temperature  the 
life  of  specimens  changed  by  a  factor  of  about  10  if  the  mean  stress  during 
level  flight  was  changed  in  the  range  25  to  35  ksi  (173  "to  238  MN/ra^). 

Also,  if  the  entire  test  was  conducted  at  550°F  (56l°K),  the  life  was 
approximately  one  half  the  life  at  ambient  temperature.  At  least  seme  of  the 
latter  effect  is  thought  to  be  attributable  to  the  effect  of  elevated  tempera¬ 
ture  on  residual  stresses  discussed  in  connection  with  figure  9- 

Other  tests  of  a  similar  nature  are  underway  to  identify  the  influence  of 
mechanically— simulated  thermal  stresses,  taxi  loads,  the  limits  of  the  ground- 
air— ground  cycle,  corrosion,  stress— concentration  factor,  exaggerated  tempera¬ 
tures,  and  others.  A  large  number  of  such  tests  will  be  required  to  provide 
guidance  for  future  tests  on  complex  components  of  the  supersonic  transport 
structure. 
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SUMMARY 


Results  of  a  variety  of  investigations  have  been  presented  to  illustrate: 

1.  That  the  SST  structure  should  be  as  fatigue  resistant  and  efficient 
if  built  of  titanium  as  are  current  aluminum  alloy  structures. 

2.  The  effect  of  elevated  temperature  on  fatigue  properties  is  small. 

3.  The  effect  of  prolonged  exposure  to  elevated  temperature  oh  subsequent 
fatigue  behavior  of  the  material  is  also  small. 

k.  Similarly,  the  fail-safe  characteristics  of  titanium  alloys,  namely, 
crack  propagation  and  residual  static  strength,  compare  favorably  on  a  strength 
to  density  basis  with  those  of  aluminum  alloys. 

5.  The  effects  of  aqueous  environment  on  residual  static  strength  are 
significant. 

6.  The  combined  effects  of  exposure  to  elevated  temperature  and  to  out¬ 
door  environment  are  about  the  same  as  the  effects  of  environment  on  behavior 
of  aluminum  alloys. 

7.  Brief  exposure  to  elevated  temperature  can  reduce  the  beneficial 
effects  of  high  loadings. 

8.  Work  is  required  to  develop  ways  of  evaluating  fatigue  behavior  of 
SST  structure  without  the  extremely  lengthy  tests  required  under  the  current 
state  oi  the  art. 
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CRUISE  DESCENT 


Loads  and  temperatures  in  a  typical  flight  of 
supersonic  transport. 


MAXIMUM  STRESS 
DENSITY 


Figure  2.-  Fatigue  "behavior  at  room  temperature . 


CRACK  LENGTH  =  0.8  IN. 


Figure  3.-  Crack  propagation  in  SST  materials. 
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APPENDIX  2  -  RECENT  ACTIVITIES  IN  THE  FIELD  OF  FATIGUE 

AT  ISTITUTO  SPSRIMENTALE  DEI  METALLI  LBGGBRI . 
N  o  var  a-iiil  ano 


IS  ML  1  THE  CORROSION  FATIGUE  BEHAVIOUR  OF  Al-Mg  AND 
Ai-Cu-Mg  ALLOYS 

In  these  studies  of  the  corrosion-fatigue  phenomena, 
confined  to  Al-Mg  and  Al-Cu-Mg  alloys,  an  examination 
was  made  of  the  influence  of  some  of  the  principal 
factors  involved  such  as: 

-  magnesium  content:  Al-Mg  alloys  with  the  following 
Mg  contents  2.5;  3.5:  4.4;  5$. 

-  structural  state. 

-  corrosive  media:  the  corrosive  agents  considered 
showed  various  stages  of  aggressiveness,  for  example, 
tap-water  and  solutions  with  sodium  chloride  content 
varying  from  3  to.  15 %. 

-  stress  frequency:  the  test  rates  used  were  1000, 
3000  and  11,500  cycles  per  minute  (rotating  bending 
stress). 

In  addition,  pre-corrosion  and  the  corrosion-fatigue 
damage  have  been  considered. 

The  results  (Pigs.  5-8 )  have  clearly  shown  that: 

-  there  are  no  remarkable  differences  in  the 
corrosion  fatigue  curves  of  the  Al-Mg  alloys  with 
different  Mg  contents . 

-  the  influence  of  test  speed  is  noticeable. 

-  structural  state  of  the  alloys  is  of  little 
influence . 

-  there  are  notable  differences  between  the  curves 
obtained  with  a  moderately  aggressive  electrolyte 
and  those  obtained  with  a  3 ia  NaCl  solution,  but 
there  are  210  appreciable  differences  between  jf°  and 
higher  sodium  chloride  concentrations. 


Pig.  5  Corrosion  -  fatigue  behaviour  of  the 
extruded  Al-Mg  specimens  tested  in  ¥k 
salt  solution. 

in  aria  -  in  air 

sotto  corrosione  -  in  salt  solution. 
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Pig.  7  Gorrosion-fatigue  carves  obtained  for 

Al-Mg  3.5  alloy  specimens  with  different 
electrolytes  at  11,500  cycles/min. 


■ 


tumi/Bii  g>  fa 


Fig.  8  Corrosion-fatigue  curve  for  specimens  of 
Al-Cu-Mg  alloy  tested  in  tap  water. 
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-  the  pattern  of  the  S-N  curve  obtained  with  tap- 

water  is  characteristic  as  there  is  a  knee  after 
7 

about  10  cycles. 

-  hypotheses  concerning  corrosion-fatigue  have  been 
made. 

ISML  2  THE  NOTCH  FACTOR  IN  THE  FATIGUE  BEHAVIOUR  OF 
Al-Zn  5.8-Cu-Mg  ALLOY  AT  LOW  TEMPERATURES 

The  influence  of  the  stress-concentration  factor 
Kj.  and  the  test  conditions  on  the  fatigue  behaviour 
of  the  Al-Zn  5>8-Cu-Mg  alloy  have  been  determined 
(Pig.  9)»  considering  the  following  factors: 

-  stress-concentration  factors  of  =  1 ;  1.2;  1.5; 
2;  4.5  and  9. 

-  test  temperatures:  room  temperature;  -196°C  and 
isothermal  (cooled  with  water). 

The  correlations  between  Kj.  and  K^.  (strength- 
reduction  factor)  are  shown  in  Pig.  10. 

The  and  values  are  not  proportional;  the 
difference  between  K^and  may  be  attributed  to 
plastic  deformation  and  it  may  be  concluded  that 
the  ability  of  a  material  to  deform  plastically 
under  alternating  stress  is  an  important  factor  in 
reducing  its  notch  sensitivity. 

ISML  1  THE  FATIGUE  BEHAVIOUR  OP  THE  ALUMINIUM  ALLOYS 
HARD  ANODISED 

Rotating  and  reversed  bending  fatigue  tests  have 
been  carried  out  on  the  Al-Cu-Mg  and  Al-Zn  5.8-Cu-Mg 
alloys  with  the  following  oxide  coating  thicknesses: 

20p.‘,  30/i;  40ji;  80/i. 

High  decrease  of  the  er  h  ranee  limit  in  the  case 
of  hard  anodising  and  c  l  small  decrease  for  a 
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normal -anodising  process  have  been  found  (Fig.  11 ). 

The  rate  of  decrease  is  connected  with  the  thickness 
of  the  oxide  coating  and  its  surface  irregularities 
(Centre  Line  Average).  The  oxide  fracture  causes  a 
stress  concentration  factor  on  the  metal.  Moreover 
the  oxide  strength  is  connected  with  its  characteristics 
and  its  surface  irregularities. 

Finally  it  has  been  ascertained  that  the  fatigue 

curves  of  the  hard  anodised  specimens  show  a  knee 

5  6 

shape  at  between  10^  and  10  cycles,  typical  of 
notched  specimens. 

ISML  4  EFFECT  OF  TEMPERATURE  ON  THE  FATIGUE  BEHAVIOUR 
OF  Al-Mg  5  ALLOY 

This  research  was  carried  out  both  to  estimate 
fatigue  strength  at  high  temperatures  of  the 
Al-Mg  5  alloy  and  to  study  temperature  influence 
in  the  structural  modifications. 

The  tests  were  carried  out  at  20°C;  130°C;  200°C 
and  250°C  and  the. materials  were  employed  in  the 
following  conditions:  annealed;  hardened  by  cold 
working  and  as  extruded. 

It  has  been  observed  that  the  S-N  curve  of  the 
as  extruded  material  at  about  130°C  (Fig.  13) 
loses  the  typical  asymptotic  endurance  limit. 

This  is  connected  with  Mg  precipitation  which,  in 
turn,  depends  on  diffusion  rate  (controlled  by 
vacancy  concentration). 

Hence,  the  endurance  limit  is  present  at  20°C  since 
the  diffusion  rate  is  low,  and  above  200°C  where 
the  diffusion  becomes  appreciable. 


11  Reversed  bending  fatigue  curves  of 
Al-Zn  5.8-Mg-Cu  alloy  specimens  with 
different  oxide  thickness. 


Pig.  12  S-N  rotating  bending  curves  of  Al-Cu-Mg 
alloy  hard  anodized  specimens  for 
different  frequencies. 

non  ossidato  -  non  oxide  coated 
isotermlche  -  water  cooled  at  18°C. 
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ISML  5  THE  FATIGUE  BEHAVIOUR  OP  SPECIMENS  WITH 
SUPERFICIAL  PROTECTION  (VASELINE) 

The  fatigue  tests  have  been  carried  out  on  the 
wrought  aluminium  alloys  heat-treated  and  annealed 
specimens  protected  by  vaseline. 

The  results  (Fig.  14)  showed  a  sensible  increase 

c  g 

in  the  failure-time,  specially  between  10  and  10 
cycles,  of  the  vaseline  coated  specimens  compared 
with  unprotected  specimens. 

It  is  possible  to  attribute  this  effect  to  the 
following  factors* 

-  heat  insulation. 

-  slower  oxidation  of  the  surface  fatigue  cracks. 

ISML  6  THE  EFFECT  OF  MEAN  STRESS  OR  THE  AXIAL  FATIGUE 
STRENGTH  OF  Al-Zn  5.8-0u-Mg  ALLOY 

The  effect  of  mean  stress  on  the  axial  fatigue 
behaviour  of  Al-Zn  5.8-Cu-Mg  alloy  has  been 
determined  (Fig.  15)  considering  the  following 
factors  s 

R  ■  85  +  £  ;  0  ;  -  i  and  -1 ;  carried  out 

on  Amsier  Vibrophores  (150  Hz). 

The  reliability  diagrams  have  been  developed, 
according  to  the  methods  of  Smith,  Rtfs-Goodman 
(Fig,  16)  and  Gerber. 

The  curves  obtained  for  the  same  materials  in 
rotating  bending  tests  are  reported  for  comparison. 
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Fig.  14  Fatigue  behavio  ir  of  aluminium  alloy 
specimens  protected  and  unprotected’ 
by  Vaseline 
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?ig.  16  Ros-Goodman  diagram  of  Al-Zn  5.8-Cu-Mg  alloy. 
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ISML  7 


FATIGUE  TESTS  OF  Al-Ou  6-Mn-2r-Y  ALLOY  AT  HIGH 
TEMPERATURES 


The  te3ts  were  carried  out  in  rotating  bending 
machines  at  3,000  r.p.m.  at  the  following  temper¬ 
atures?  20°C;  150°C;  200°C  and  250°C. 

The  fatigue  properties  at  high  temperatures 
appeared  very  satisfying  (Figs.  17  and  18); 
considering  both  the  absolute  values  and  the 
ratio  between  static  and  dynamic  characteristics. 


Hi _ l . i„-iiiHiJ _ l  1 1  min _ i  i  mini  i  mm 

104  W5  106  107 


'\g.  17  S-N  curves  of  Al-Cu  6-lVJn-Zr-V 

alloy  at  different  temperatures. 
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APPENDIX  3  -  REPORT  ON  FIAT  ACTIVITIES  IN  THE 

FATIGUE  FIELD  1965  -  1967 


FIAT  activity  in  the  fatigue  field  in  the  last  two  years 
has  been  devoted  to  the  development  of  basic  research, 
structural  design  development  testing  and  short  term  research. 

This  activity  can  be  summarised  as  follows  : 

AUTOMOTIVE  -  AERONAUTICAL  RESEARCH  LABORATORY  (L.  R.  C.  A.  A.) 

FIAT  1  BASIC  RESEARCH  ON  FATIGUE 

The  Istituto  Elettrotecnico  G.  Ferraris  is 
conducting,  under  a  FIAT  contract,  a  study  on  the 
relationship  between  ageing  and  fatigue  strength 
of  a  light  alloy.  Some  structural  evolution  phenomena 
capable  of  changing  the  material  strength  if  the 
ageing  is  continued  beyond  the  optimum  point, 
especially  at  temperatures  greater  than  the  room 
temperature,  may  be  experienced  in  light  alloys  in 
which  the  mechanical  properties  are  obtained  by  ageing. 
The  ER  58  alloy,  which  is  suitable  for  use  in  the  hot 
conditions,  is  being  considered  and  studied  under 
various  ageing  conditions  and  with  temperature 
ranges  up  to  270°C. 

So  far  it  has  been  found  that  this  alloy  shows  a 
slight  reduction  (5$)  of  the  fatigue  limit  at  200°C, 

FIAT  2  CUMULATIVE  DAMAGE 


During  the  fatigue  tests,  on  smooth  and  notched 
specimens  under  alternating  and  pulsating  cycles, 
a  comparison  between  the  results  obtained  from  the 
tests  in  the  constant  and  programmed  load  cases 
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FIAT  3 


has  been  made  using  the  data  from  the  Laboratorium 
fut  Betriebsf estigkeit  of  Darmstadt  for  light  alloys 
(2024)  and  from  FIAT-L.R. C.A.A.  for  steel  (38  NCD4) . 

The  analysis  of  all  the  data  obtained  led  to  the 
conclusion  that  it  is  possible  to  estimate  with  a 
good  approximation  the  results  of  a  long  programmed 
load  test  from  a  quicker  conventional  constant  load 
test . 

The  correlation  applies  for  an  extended  range  of 
time  regardless  of  the  specimen  shape.  However,  it 
is  affected  by  the  preload  imposed  during  the  test 
and,  therefore,  it  is  not  possible  to  obtain  a 
single  correlation  curve  valid  for  alternating  and 
pulsating  cycle  tests. 

For  the  L.R. C.A.A.  tests  a  new  Schenck  pulsator 
(6  tons)  with  load  programme  on  punched  tape  has 
been  used. 

FATIGUE-GAGES 


A  special  type  of  fatigue  gage  (SN  Fatigue  Life 
Gage  from  Micro  Measurements  U.S.A.)  has  been 
experimented.  This  fatigue-gage  should  reveal, 
through  resistance  variations,  the  fatigue  condition 
of  the  part  to  which  it  has  been  bonded,  taking 
cumulatively  into  account  the  magnitudes  of  strains 
and  number  of  cycles.  The  first  results  appear  to 
be  satisfactory  with  some  limitations  relative  to 
the  specimen  shape  (unnotched),  cycle  type  (alternating) 

p 

and  sensitivity  threshold  (+  8  Kg/mm  for  light  alloys 

Q 

and  +  25  Kg/mnr  for  steels). 

At  the  same  time  some  monitoring  gages  having  a 
pre-established  breaking  section  are  being  developed; 
they  are  made  from  aluminium  sheet  0.1  mm  thick,  bonded 
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to  2024  specimens,  fatigue  tested  under  tension 
and  bending  loads,  and  are  capable  of  operating  like 
fatigue  gages. 

FIAT  4  FATIGUE  STRENGTH  OF  SPECIMENS  HAVING  A 
SHARP  EDGED  CROSS-SECTION 

The  effect  of  edge  sharpness  on  fatigue  strength 
has  been  checked  with  a  series  of  tests  carried 
out  on  specimens  having  circular,  rhombus  and 
rhomboidal  cross-sections.  It  has  been  found  that 
the  reduction  of  the  fatigue  limit,  on  steel 
specimens  having  very  sharp  edges,  is  10$  only. 

FIAT  5  FATIGUE  TESTS  ON  7075  ALLOY  AND  NOTCH  EFFECT 

It  is  claimed  that  the  7075  light  alloys,  when 
subjected  to  fatigue  tests,  are  more  sensitive 
than  2024  alloys  to  the  notch  effect  and  have  a 
higher  rate  of  crack  propagation. 

In  order  to  verify  this  assertion  for  Italian 
alloys,  rotating  bending  tests  are  being  conducted 
on  PAZ  5.8  alloy  (7075)  in  the  range  of  10^  to  10^, 
on  smooth  and  notched  (K/v3)  large  diameter  specimens 
(25mm).  t 

FIAT  6  SPOT-WELDED  AND  SEAM-WELDED  JOINTS  IN  LIGHT 
ALLOY  SHEETS 

A  comprehensive  fatigue  test  programme  of  joints 
in  light-alloy  sheets,  after  having  considered  the 
welding  from  the  point  of  view  of  the  weld  spots 
geometry,  now  takes  into  account  the  metallurgical 
aspects  of  the  problem  by  tests  on  spot-welds  and 
seam-welds  having  different  penetration  depths,  on 
metal  sheets  of  various  thicknesses. 
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FIAT  7  EATIGIJE  TESTS  ON  BLADES  IN  THE  HOT  CONDITION 

Fatigue  tests  carried  out  on  light  alloy  blades 
(HE  58)  have  shown  a  reduction  of  the  fatigue  limit 
in  the  hot  condition  (l 55°C) . 

It  was  questioned  (ICAF-AGARD  Meeting  in  1963)  if 
this  reduction  had  to  be  ascribed  only  to  the  direct 
effect  of  the  test  temperature  or  also  to  an 
in-direct  effect  due  to  the  elimination  of  favourable 
superficial  stresses  during  the  ensuing  machining 
operation.  A  series  of  further  tests,  conducted 
at  different  temperatures,  on  blades  which  had 
been  annealed  before  being  subjected  to  the  fatigue 
stresses,  showed  that  the  second  hypothesis  is  not 
true  and  that  the  reduction  of  the  fatigue  limit 
in  the  hot  conditions  is  to  be  attributed  to  the 
direct  effect  of  temperature  only. 

FIAT  8  ;  HONEYCOMB  STRUCTURE  TESTING 

Static  and  fatigue  tests  under  torsion  have  been 
carried  out  on  light  alloy  honeycomb  panels,  for 
which  but  a  poor  bibliography  is  available. 

It  has  been  found  that  the  orientation  of  the 
honeycomb  cells  is  very  important  (5C$  increase 
in  the  strength  in  the  most  favourable  orientation 
as  compared  with  the  less  favourable  one). 

Moreover,  as  regards  the  fatigue,  the  Miner's 
law  on  cumulative  damage  appears  to  be  applicable. 

FIAT  9  TESTS  ON  HEAT  SHIELD  STRUCTURAL  PARTS 

It  is  pointed  out,  although  not  in  the  field  of 
fatigue,  that  particular  tests  have  been  carried 
out  for  heat  shields  (designed  and  built  by  FIAT) 
for  ELDO  A  vehicle. 
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Some  aspects  of  the  separation  of  the  heat  shield 
from  the  3rd  stage  have  been  studied  through  tests 
carried  out  on  specimens  simulating  the  base  ring 
and  its  housing  together  with  the  junction  line  of 
shields,  in  order  to  have  information  about  a 
possible  stick-up  due  to  self-adhesion  or  bonding 
phenomena  of  the  parts  subjected  to  a  mutual 
compressive  action  (30  Kg/cm),  in  vacuum  surroundings 
10“5  nun  Hg)  and  with  a  temperature  up  to  425°C.  The 
test  results  have 'been  satisfactory  as  no  self-adhesion 
or  bonding  phenomenahave  been  experienced  under  the 
specified  operating  conditions. 

Other  tests  on  sandwich  honeycomb  panels  (glass 
fiber  and  phenolic  resin)  under  extreme  environmental 
conditions  (2  mm  Hg,  700°C)  have  been  carried  out  to 
demonstrate  the  satisfactory  behaviour  of  the 
structure. 

AIRCRAFT  EXPERIMENTAL  LABORATORY 

FIAT  10  In  addition  to  the  fatigue  and  residual  strength 

tests  carried  out  on  structural  details  during  the 
development  of  the  G  91  Y,  G222  and  VAK  1 91  B 
projects,  a  short  term  research  has  been  carried 
out  on  the  fatigue  strength  of  specimens  cut  in 
the  three  directions  from  7075-T6  very  thick 
prestressed  plates  and  on  the  influence  of  chemical 
milling  of  various  surface  roughness. 

FIAT  1 1  As  for  the  full-scale  tests,  a  preliminary  fatigue 
test  of  the  wing  structure  of  the  two  engined 
G91  Y,  successor  of  the  G  91 ,  is  being  prepared. 

This  will  be  followed  by  a  test  on  the  wing- 
fuselage-empennage  unit  that  will  be  carried  out  at 
three  level  loading  blocks  with  the  typical 
spectrum,  already  used  for  the  G  91 .  It  is  pointed 
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out  that  this  spectrum  has  been  confirmed  by  the 
results  obtained  from  the  early  production  air-planes 
operated  by  the  Italian  Air  Force:  on  five  of  these 
air-planes  a  typical  crack,  already  observed  during 
the  full-scale  fatigue  tests,  occurred  with  a  10$ 
delay  and  a  dispersion  of  +  10$. 

As  for  the  tests  on  the  ELDO  heat  shields,  although 
not  in  the  fatigue  field,  comprehensive  tests  have 
been  developed  to  ascertain  the  influences  of  the 
polimerization  of  the  phenolic  laminates;  mechanical 
and  thermo-physical  tests  were  performed.  The 
bending  of  sandwich  type  structures  has  been  widely 
tested  under  heat  and  load  conditions.  Finally, 
full-scale  tests  of  the  heat  shields  namely  loading 
tests,  heating  (infra-red)  test  up  to  900°K,  combined 
heating  and  loading  test  and  separation  test,  have 
been  carried  out. 

Bibliography 

Only  the  work  on  the  fatigue-gages  has  been 
divulged  outside  : 

-  G.  Bollani,  "Functionality  and  possibility  of 
using  the  cumulative  damage  fatigue-gages". 

This  Report  was  presented  at  the  "Giornata  dell' 
Estensimetria"  -  Turin,  October  1966. 
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APPENDIX  4  -  PIAGGIO  ACTIVITY  IN  THE  AERONAUTICAL 

FATIGUE  FIELD  (years  1965  +  1967) 


During  the  last  two  years,  Piaggio  activity  in  the 
aeronautical  fatigue  field  has  covered  both  testing  and 
theoretical  research. 

PIA  1  Tests  have  been  carried  out  mainly  for  the  purpose 
of  certification  of  the  model  PD-808  executive 
aircraft.  Although  its  basic  structure  has  been 
designed  to  be  fail-safe,  some  areas  such  as  pilot 
cockpit  and  engine  mount  have  been  fatigue  tested 
to  meet  safe-life  requirements. 

The  pilot  cockpit  has  been  tested  in  a  water  tank 
under  the  cyclic  pressure  load  of  10  psi;  derived 
by  taking  into  account,  in  a  conservative  manner, 
cabin  pressurization,  aerodynamic  suction  and  flight 
loads . 

The  engine  mount  has  been  tested  under  flight  and 
ground  loads  in  the  Losenhausenwerk  apparatus  of 
the  University  of  Pisa.  Fatigue  gages  have  been 
installed  on  the  specimen  in  order  to  find  residual 
fatigue  life. 

Regarding  fail-safe  strength  of  the  model  PD-808 
aircraft,  analysis  and  tests  intended  to  demonstrate 
the  ability  of  the  airplane  to  withstand  prescribed 
loads  when  fatigue  failure  occurs,  are  presented 
in  a  paper  to  be  given  at  the  5th  ICAF  Symposium. 

PIA  2  In  the  theoretical  field,  a  computer  program  for 
the  evaluation  of  the  fatigue  life  of  composite 
structures  is  now  under  way,  together  with  an 
up-to-date  library  of  the  fatigue  strength  allow¬ 
ables  for  various  structural  elements. 
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Experimental  correlation  data  will  be  provided 
*  \ 

by  the  planned  fatigue  testing  of  the  P.166  aircraft 
wing  and  main  landing  gear. 

Fatigue  meter  readings  taken  in  P.166  aircraft 
operating  in  Australia  under  the  MacRobertson- 
Miller  Airlines  will  provide  a  good  basis  for 
these  tests. 
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APPENDIX 


MC  1 


MC  2 


1  -  activity  op  the  so cieta* aeronaut iqa  maqchi 

IN  THE  FIELD  OF  AERONAUTICAL  FATIGUE  DURING 
THE  PERIOD  1965/1967 


During  the  first  part  of  this  period  the  fatigue 
test  of  the  full-scale  structure  of  the  Aircraft 
MB  326  was  completed.  During  that  test  the 
behaviour  of  the  structure  versus  the  time  was 
investigated  under  the  combined  action  of 
aerodynamic,  inertia  and  pressurization  loads. 

The  applied  loadings  simulated  35,000  flying  hours 
with  140,000  loadings  and  280,000  complete  press¬ 
urization  cycles.  The  structural  component  with 
the  highest  fatigue  sensitivity  withstood  not  less 
than  15,000  flying  hours. 

The  test  will  possibly  be  renewed  on  the  airframe 
of  the  derived  prototype  MB  326  G,  which  has  an 
increased  take-off  weight,  a  higher  thrust  and  some 
structural  modifications. 
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A.  WORK  AT  THE  "CENTRE  D'ESSAIS  AERONAUTIQUE  DE  TOULOUSE" 

The  C.E.A.T.  (formerly,  E.A.T.)  is  carrying  out  tests  on  smooth  and 
notched  small  specimens  to  define  and  characterize  each  use-condition 
of  a  metal  or  to  study  the  effect  of  a  manufacturing  process.  Other 
studies  are  carried  out  on  joints  and  fittings  on  request  of  aircraft 
manufacturer  to  check  particular  points  ;  their  description  would  be 
both  difficult  and  incomplete  so  that  I  will  not,  in  general,  refer 
to  them.  Some  certification  tests  are  in  progress  on  airframes  and  sub 
assemblies  but  these  are  not  sufficiently  complete  to  sustain  a 
report.  Some  partial  results  will  be  mentioned  by  other  authors  during 
the  I.C.A.F.  Symposium.  Here,  I  will  restrict  myself  to  works  of  the 
C.E.A.T.  laboratory  of  materials  reporting  data  provided  by  the 
laboratory's  chief,  Mr  AUVINET. 

A.  1  -  SPECIFICATIONS  OF  CURRENT  TESTS  FOR  CHARACTERIZATION  OF  METALS 


The  "Service  Technique  Aeronautique"  (Materials  section)  and 
the  C.E.A.T.  have  gradually  worked  out  a  program  of  systematic 
testing  for  metal  characterization,  which  is  preliminary  to 
the  fuller  studies  required  before  metal  can  be  employed  in 
mechanical  engineering  applications.  It  appears  useful  to  give 
a  full  account  of  this  program. 

A.  1.  1  -  The  developement  of  thermal  treatments 

The  metal  manufacturer  often  points  out  the  best 
treatment  conditions  but,  sometimes,  the  C.E.A.T. 
studies  some  variants  itself. 

A.  1.  2  -  Preliminary  tests 

These  are  carried  out  on  all  metals  which  must  be 
fully  studied,  with  the  object  of  avoiding  a  loss 
of  time  on  bad  quality  lots  ;  they  include  : 
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i)  macrographs  :  carried  out  on  all  elements  of  the  lot  (bars, 
Sheets,  ...)  in  the  worked,  large  transverse  and,  if  possible, 
short  transverse  directions. 


ii)  Chemical  analysises  :  several  analysises  are  done  for 
certain  steels  and  some  titanium  alloys  by  lot  ;  absorbed 
gases  are  measured. 

iii)  check  of  thermal  treatment  :  the  treatment  recommended  by 
the  manufacturer  is  checked  by  carrying  out  tension, 
impact  and  hardness  tests,  micrographs,  above  and  below 
recommended  temperatures.  Sometimes  thermal  expansion  is 
measured. 

iv)  measurements  of  mechanical  strength  properties  : 

using  two  to  ten  specimens,  they  include  the  yield  stresses 
07  OS  5  CJT-J  >  07  2  »  f’or  permanent  strains  .05  %,  .1  %, 

.2  %,  also  the  nominal  ultimate  tensile  strength,  CTult.  , 

the  true  fracture  tensile  strength  CT^  ,  frabture 

\ 

elongation,  A  % ,  and  the  fracture  reduction  of  area,  21  %. 
The  proportionality  limit  stress,  c3~p  ,  is  estimated. 

i  • 

Impact  tests  are  sometimes  executed  on  notched  UP  specimens. 

A.  1.  3  -  Fatigue  tests  (carried  out  by  C.E.A.T.) 

a)  Bars  :  for  each  level  of  tensile  strength  dependent  upon 
thermal  treatment,  seven  series  of  thirty  specimens  are 
used  : 


Tension  -  compression  tests  with  notch  factors,  K^.  =  1.035* 

1  •  T ,  3<3,  and  the  mean  stresses  and  .  5CTuft,  i.e., 

six  specimen  series,  each  including  a  static  tensile  test. 

Rotation  bending,  that  is,  a  test  series  in  four  -  point 
loading  with  toric  specimens. 

The  thirty  specimens  of  each  series  are  used  to  plot  a  mean 
C T~ -  N  curve  between  one  and  3  x  10  cycles  (twenty  specimens) 

and  to  determine  the  fatigue  limit  at  3  x  10^  cycles  (ten 
specimens ) . 


b)  Thick  plates  .  The  same  tests  as  for  bars  are  carried  out 
in  longitudinal  and  large  transverse  directions  ;  in  some 
cases  only  the  large  transverse  is  tested. 
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c)  Thin  sheets  :  In  place  of  CT~  ssO  ,  fatigue  tests  are 

___________  ^ 

carried  out  in  reversed  tension,  with  =  G£". 

d)  Hot  tests  :  Hot  fatigue  tests  are  carried  out  as  room 
temperature  tests  ;  however,  two  notch  factors, 

Kj.  =  i.035  and  3.3*  and  two  loading  patterns,  fj ^  =0 

and  Cfrn  =  .5  (Tutt.  >  0ELiy  are  used  for  each  temperature. 

NOTE  :  Some  more  extensive  studies  include  the  values  : 

Kt  =  1.035  ;  1.7  ;  2.3  ;  3.3  ;  5  ; 

“  0  »  *25(Tj4>  >  "*25 • 

Creep  tests.  They  are  sometimes  carried  out  in  other 
laboratories  on  all  metals  used  to  be  employed  in  aircraft, 
engines  or  rockets. 

Toughness  fracture  tests  on  square  bar  specimens  with 
fatigue  crack. 

a)  Bars  :  Tests  about  which  I  shall  speak  about  later  are 
carried  out  by  C.E.A.T.  on  series  of  15  to  30  square 
bar  specimens  of  20  x  20  x  150  mm  in  size. 

In  addition  to  these  tests,  impact  tests  are  also 
carried  out  on  IZOD  specimens  where  the  groove  -  notches 
were  deepened  by  fatigue  cracks.  These  tests  are  carried 
out  on  MANLABS  machines  using  notched  square  bar 
specimens  of  10  x  10  mm  cross  section. 

b)  Thick  plates  :  The  same  preceeding  tests  are  carried  out 
in  longitudinal  and  large  transverse  directions  with, 

if  possible,  the  MANLABS  program  in  short  transverse. 

A.  1.  6  -  Stress  embrittlement  tests.  Carried  out  for  titanium 

alloys  and  certain  steels ,  in  study  of  absorbed  hydrogen 
effect  as  might  occur,  for  instance,  when  cadmium  coating 
is  used. 

A.  1.  7  -  Physic  -  chemical  tests.  They  are  : 

a)  corrosion  and  stress-corrosion  tests  in  several 
environments  (salt  water,  elevated  temperatures,  ...). 

b)  the  protection  method  studies  ;  related  to  corrosion 
tests,  the  object  of  these  studies  is  to  define 
protection  methods  for  each  metal  ;  they  include 
different  tests  such  as,  for  instance,  fatigue  or 
stress  embrittlement  tests. 


A.  1.  k  - 


A.  1.  5  - 
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Note  on  manufacturing  of  specimens. 

The  manufacturing  of  specimens  involves  the  following  stages  : 

-  cutting  out 

-  rough  machining 

-  thermal  intermediate  treatment 

-  intermediate  machining 

-  prescribed  thermal  treatment 

-  final  machining 

-  stress  relief  treatment,  if  necessary. 

In  all  cases,  each  series  of  fatigue,  toughness  or  creep 
specimens  is  machined  and  treated  with  three  tensile  specimens 
and  three  impact  specimens. 

A.  2  -  TOUGHNESS  BENDING  TESTS  ON  SQUARE  BAR  SPECIMENS. 

The  full  results  of  the  numerous  C.E.A.T.  tests  cannot  be  reported 
here.  The  analysis  by  the  IRWIN  method  is  in  progress  but  final 
results  are  not  yet  available.  I  will  present  a  digest  of  results 
interpreted  by  approximate  method  given  in  my  paper  mOnCHEN 
Symposium  of  I.C.A.F.,  in  19&5* 

A.  2.  1  -  Interpretation  of  results. 

The  principal  features  of  the  tests  are  :  on  square  bars, 
20  x  20  x  150  mm  in  size,  a  mark  is  made  by  means  of  an 
electric  pencil,  in  the  middle  of  a  side  surface. 

Then,  a  fatigue  crack  is  developed  from  the  crater-mark 
by  reversed  fatigue  bending  under  electro-mechanical 
pulsed  loading  applied  by  a  roll  on  the  opposed  side  at 
the  centre  between  the  two  supporting  rolls,  IgQ  mm  apart, 
The  Btatic  fracture  is  obtained  with  the  same  apparatus 
for  several  fatigue  crack  sizes. 

During  the  fatigue  crack  developement  and  in  the  course 
of  interspersed  unloadings,  the  ratio,  M 

of  the  load  variation  to  the  deflection  variation  i§ 
measured  j  the  curve  of  M  against  the  apparent  siies 
of  cracks,  plotted  through  experimental  points,  gives 
values  of  M  for  fractured  specimens  where  each  cracked 
area  A  of  the  cross-section  is  measured  j  thus,  it  is 

(1) 

possible  to  plot  a  mean  curve 


M  ■  F  (A). 
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By  approximate  derivation,  it  is  obtained 

C  P*  0> 

c  2  7 A  ' 

where  Q  is  the  IRWIN  parameter.  In  cases  where  this  result 

c 

„  /*  *  " 

is  known,  we  have  used  the  notation  true  in  tables  of 


results. 

•  (2) 

We  use  an  approximate  method  with  which  there  is  only  need 
to  know  the  fracture  load  P  and  the  superficial  apparent  length 
of  crack  at  failure,  2a. 

The  corresponding  value  of  (Je  correlates  well  with  the  former 

one  :  the  deviations  are  smaller  than  the  fracture  load  scatter 
effects  or  than  the  effects  of  crack  size  measurement  errors. 


We  have  using  now,  the  notations 

P  =  fracture  load  of  the  cracked  bar, 

P^^  =  static  failure  load  of  the  virgin  bar, 

PT  =  =  theoretical  failure  load  of  uncracked  bar 

under  the  assumption  of  full  elasticity. 

PT  is  in  daN  if(T^  is  in  daN/mm2. 

The  plasticity  effect  in  bending  cannot  give  P  \  1.5  P  ; 

s'  1 

however,  the  ultimate  bending  strength  is  larger  than  the 
ultimate  tensile  strength  because  necking  is  partially  prevented  ; 
moreover,  a  part  of  the  loading  is  balanced  by  the  friction  of 
the  supporting  rolls.  The  P/P^,  ratio  is  larger  than  1.6  in 

aluminium  alloys  and  1.8  in  steel  and  T  -  A6V  titanium  alloy. 

With  the  P/P^j-,  ratio  as  ordinate  and  —  V{z°7h  as  abcissa, 

where  2a  is  the  apparent  crack  length  and  h  =  20  mm  the  width 
of  the  bar,  figure  1  represents  the  relationship 

T  ’ 


by  a  straight  line  plotted  from  the  point  0  through  test  points 

(2) 

corresponding  to  early  results  : 

1=  (jc  is  computed  from 
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where  is  the  ultimate  tensile  strength.  Then,  is 

obtained  from  =  •  K  is  also  equal  to  T*VcT  dati/  */ 

c  35,2  (mm^'Z  ) 


Remembering  that  1  daN  =  1.02  kg-weight  =  2.25  lb  ; 

1  daN/mm^  =  1.02  kg-weight  per  mm2  =  1^60  lb/in2.  in  place 
of  daN/mm^,  the  identical  unity  "hectobar",  noted  hbar  is 
sometimes  used  :  1  hbar  =  1  daN/mm^. 

represents  the  absolute  residual  static  strength  while  ^ 

represents  the  relative  strength  in  terms  of  nominal  theoretical 
strength  which  is  used  in  computations  which  do  not  account 
of  plasticity  effects!  i  -  j  ^  t\.  ,r  , 

If  d  is  the  specific  weight,  the  strength  to  weight  ratio 
will  be  proportional  to  Kc/d. 

The  tables  of  results  also  include  the  relative  dispersion 
measured  by  the  coefficient  of  variation,  V,  of  ^  and  Kc , 

defined  as  the  ratio  of  the  standard  deviation  to  the  median 
value.  In  order  to  estimate  V,  it  was  supposed  that  deviations 
of  £  from  the  median  value  are  due  to  scatter  ;  the  standard 

deviation  was  estimated  from  the  difference  of  quartiles.  This 
coarse  estimate  permits  us  only  to  say  £  is  constant  in 

practice  with  V  .05.  With  larger  values  of  V,  we  don’t 

known  if  the  scatter  is  the  only  cause  of  the  failure  of  the 
assumption  =  constant. 

A.  2.  2  -  Results  on  aluminium  alloys. 

The  compositions  and  treatments  of  the  studied  alloys  are  given 
in  table  A.  2.  2a.  The  table  A.  2.  2b  shows  results  of  tensile, 
impact  and  toughness  fracture  tests.  With  regard  to  201^  and 
A-UUSG  specimens  of  near  compositions,  the  correlations  of  K 

c 

and  (jc  with  tensile  properties  are  made  only  for  area 

reduction,  51  %,  and  impact  fracture  energy,  K  (jF  .  However, 

the  reduction  of  area  cannot  permit  comparison  of  A-U4SG  with 
A-U2GN,  whereas  Kc  -  K  correlation  is  preserved  for  both 

alloys. 

There  is  a  point  of  view,  still  accepted  by  certain  metallurgists. 


i 
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TABLE  A. 2. 2b  -  TENSILE  PROPERTIES  AND  FRACTURE  TOUGHNESS 
OF  ALUMINIUM  ALLOYS. 

I*  TENSILE  PROPERTIES. 


N*  NAME 


H 


m 

2014 

A  1.2 

56.4 

57.2 

57.6 

60.6 

71A 

$900 

10,2 

17 

2 

A-U456 

33.6 

42.1 

43.4 

. 

44.4 

49.5 

58.1 

Z300 

9.8 

18.2 

3 

n  BARS 

40 

49 

50 

51 

56 

67.5 

7230 

•A 

11.3 

26 

a 

„  SHEET,  1086 

36.6 

44.6 

45.8 

46.4 

50.4 

60.5 

7260 

8.5 

20.6 

a 

it  r/  TRANSKHSt 

34.7 

42.6 

44.2 

45.2 

49.5 

56.3 

Z350 

76 

13.4 

AJJ20H  t  LON 6 

31.3 

38.1 

m 

39.6 

SB 

mOm 

50.7 

7,020 

7.8 

24.1 

5 

„  TRANSVERSE 

27.9 

35.2 

36.9 

38.3 

43.2 

50.1 

Z340 

19.4 

II.  IMPACT  AND  FRACTURE  PROPERTIES. 


yy®  *uf 

3 fern 


1  6.5 


3  13.2 


8.7 


3.9 


.58 

.09 

130 

.  63 

.02 

135 

. 84 

.05 

175 

.71 

.05 

132 

.58 

.07 

106 

.78 

.03 

122 

.68 

•05 

103 

°fly 

"CT.z 


1.  18  1.  12 


1.20  1.10 


>1.6  1,20  1,0 9 


>1.7  1.17  f,09 


>1.6  1.16 


:  3  51 


that  a  <Kt.  /<rr  ratio  near  unity  means  brittleness.  The 
table  A.  2.  2b  shows  no  such  correlation  of  tJ(Ty  with 
Kc  or  K  vr  • 

A.  2.  3  -  Magnesium  alloys. 

The  (Studied  alloys  had  the  compositions,  in  per  cent  : 

G-A  9  :  8.36  A1  ;  .62  Zn  ;  .31  Mn  ;  .20  Si  ;  .009  Fe  ; 

remainder  Mg. 

MSR  :  2.25  Ag  ;  .56Zr  ;  .044  Fe  ;  remainder  Mg. 

The  tensile  and  fracture  toughness  properties  are  given  in 
table  A.  2.  3.  With  regard  the  two  treatments  of  G-A9  alloy, 
there  is  again  no  correlation  between  and  pr  or  Kc  and 

CTjtt  /CTy  . 


A.  2.  4  -  Low  alloy  steels. 

Their  compositions  are  given  in  the  table  A.  2.  4a.  The  table 
A.  2.  4b  gives  some  details  of  the  treatments  of  specimens. 

The  pre-treatments  of  bars  by  the  supplier,  or  on  specimens 
by  C.E.A.T.,  are  sometimes  unknown  or  too  complicated  to  be 
reported.  The  table  A.  2.  4c  gives  the  mechanical  and  fracture 
properties  for  the  studied  steels.  The  large  values  of  ^ 

indicate  a  good  safety  margin  for  fatigue  cracked  components. 
We  obtain  .97  and  .95  in  25  CD4S  and  15  CDV6  steels,  which 
give  few  difficulties  in  service  use,  just  as  a  35  NCD16  steel 
treated  for  =  140  daN/mm^  (200,000  lb/in^)  and  quoted  in 

reference  2  f  <4  %  »  10 ,  ^  a*  .  8 2 ,  Kc  =:  4-20  daN^mn? )* 

With  strengths  <3^.  of  180  to  200  daN/mm^  (260,000  to 

290,000  lb/in^),  the  35  NCD16  steel  tempered  at  220°  C  shows 
better  toughness  at  room  temperature  than  the  40  CDV20  steel 
tempered  between  550°  C  and  580°  C  (this  steel  can  serve  at 
higher  use  temperatures).  The  vacuum  second-melting  improves, 
to  a  slight  extent,  the  35  NCD16  steel  treated  for  180  daN/mm^ 
(+  10  % )  and  for  195  daN/mm^  (+  20  %)  whereas  refrigeration 
before  tempering  gives  no  change  (see  4k,2D  and  4k,F2D). 

As  previously,  there  is  no  correlation  between  brittleness 
and  the  lit  jQ~y  ratio.  In  the  same  order,  for  the  35  NCD16 

steel,  there  is  no  correlation  between  Kc  and  K  yp  or  A  %, 

2E  %  ;  this  stresses  the  necessity  of  carrying  out  tests  to 
obtain  Kc  to  characterize  the  fatigue  crack  brittleness  of 

a  metal.  Figure  2  shows  some  fracture  areas. 
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TABLE  A.2.3.  -  TENSILE  AND  FRACTURE  PROPERTIES 
OF  iiAGIIESIUM  CASTINGS. 

I,  TENSILE  PROPERTIUS 


NAME 

s  .  VALuiS  m  daN/^2 

■  cr».j  cTosj  aA  ; 

:  *  t 
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i  t 
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the  true  tensile  strength  t  T  and  TR  are  two 
thermal  treatment  conditions. 


II.  FRACTURES  PROPERTIES. 
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SOME  PATTERNS  OF  FRACTURE  AFTER  STATICAL  FAILURE 
OF  FATIGUE  CRACKED  SPECIMENS 
Fn  r .  2 


TABLE  A.?. 5a  -  CCHPGftITICMS  OP  PRECIPITATION 
HARDENING  STEFIS. 
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A.  2.  5  -  Precipitation  hardening  steels. 

The  tables  A.  2.  5a  and  A.  2.  5b  give,  respectively  tte 
compositions  and  thermal  treatments  of  the  studied  alloys 
The  mechanical  and  fracture  properties  are  given  m the 
table  A.  2.  5c.  It  is  noteworthy  that,  like  usual  steels, 
the  ’Waging"  steels  have  a  crack  sensitivity  dependent 
strongly  upon  treatment.  With  .the  french  alloy  JN18C,  the 
safety  even  with  fissuration  is  as  good  for  25  CDUS  and 
15  CDV6  steels  tempered  for  110  daN/mm  ,  and  for 
steel  tempered  for  130  daN/mm  . 

A.  2.  6  -  T-A6V  titanium  alloy. 

The  composition  was,  in  per  cent  : 

6.3  A1  ;  i+.32  V  ;  .5Fe  ;  .0U  C  ;  .18  Ng  ; 

.057  H2  ;  .096  02  ;  remainder  Tj. 

Treatment  :  annealed  lh  in  argon,  air-cooled. 

Tensile  properties  :  .  o 

cfp  <=»  68.7  Cos  =  36;  <M  ,  9/.4  ;  <r2  =  90.2; 

(TuLt.-  102.1;  ditru*  =  <*•«/***  i  E m  <0, 550  da  2 

;  St.  y.  s  **  )  Kur  -  32  J/CMz 

The  estimated  fracture  toughness  properties  are  : 

3/2 

£  -  .6  ;  V  (  {  )  «  .11  ;  Kc  =225  daN/mm  ; 

Qc  =4.85  daN/mm. 

On  the  other  hand,  </c  has  been  computed  by  means  of 
IRWIN's  method  which  gives  : 

5c  t>u*  ~  daN/mm. 

We  have  furthermore  : 

r  u!t,  „  j.ek  ;  CTS  *  -  1.3*  ;  iEk*  = 

Pt  (Tutt.  <Ty 

Like  with  'Waging"  steels  and  15  CDV6  steel  at 
110  daN/mm2,  the  T-A6V  titanium  alloy  has  a  Uu|t./Uy 

ratio  near  unity.  This  demonstrates  again  that  the  view 
previously  reported  about  the  correlation  between  this 
fact  and  brittleness  is  false. 

General  remarks  on  the  estimated  values  of  K,  and 

The  IRWIN  values  of  Kc  and  (jc  are  difficult  to  obtain  and  we  did  not 
mow  them  in  most  of  the  previous  cases. 
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We  define  (Jc.  as  the  median  value  of  fracture  results  ^  a  f 

isuo  e 

4 

where  P  is  the  failure  load,  and,  a,  the  half  of  apparent  crack  length 
measured  on  the  fractured  specimen.  Measuring  a  is  not  always  easy  and 
the  preceding  relationship  is  debatable  with  the  large  values  of  a 
which  appear  with  ductile  metals.  Nevertheless,  this  relationship 
allows  comparison  of  results  without  taking  static  crack  propagation 
during  failure  into  account.  Moreover,  on  unfailed  components,  a  is 
the  only  piece  of  information  known.  It  seems  impractical  to  complicate 
the  state  of  affairs  by  making  careful  corrections  to  crude  results 
in  order  to  obtain  a  certain  invariant  parameter.  It  is  very  difficult 
to  compare  results  of  tests  of  various  origins  because  of  the  different 

(3) 

types  of  tests.  With  a  metal  from  a  single  casting,  DOUILLET  has 
shown  a  variation  from  135  to  180  daN/mm3/^  for  Kc  in  the  case  of  the 

Uo  CDV20  steel  treated  for  0~ulf.  *  170  daN/mm^,  that  is,  extreme  values 

of  (jc  in  a  ratio  of  1.8  between  bending  bar  tests  of  C.E.A.T.  and 

tensile  tests  on  flat  specimens  with  a  crack  that  has  not  crossed 

(STRAWLEY'  method).  Therefore,  discussions  about  the  "true"  value  of 

K  remain  rather  academic, 
c 

A.  3  -  Fatigue  tests  on  smooth  and  notched  specimens 
A.  3.  1  -  Aluminium  alloys. 

Figures  3  and  k ,  from  a  report  by  NOTTON  and 

(4)  ... 

AUVINET  ,  show  results  of  axial  fatigue  tension  - 
compression  tests,  carried  out  with  zero  mean  stress 
and  12.5  daN/mm^  mean  stress  on  round  smooth  and 
notched  specimens  (D  =  lH  mm,  d  =  7-98  mm,  radius  of 
V-groove  =  55  mm,  2  mm  and  .35  mm).  The  specimens  were 
taken  from  A-(ji+SG  aluminium  alloy  thick  plate  which 
had  been  used  in  tensile  and  fracture  tests  previously 
mentioned  in  mark  4  of  the  table  A.  2.  2b. 

Such  plates  have  been  used  for  the  wing-boxes  of 
Mystere  20  aircraft  (Falcon)  of  which  the  upper  and 
lower  skin  panels  are  mill-machined.  This  metal  has 
been  specially  hot-forged  in  the  three  directions  to 
obtain  a  good  failure  elongation  in  short  transverse 
( about  3  % ) • 

The  table  A.  3.  la  gives  test  results  for  A-lASG 
extrusion  bars  (numbered  3  in  table  A.  2.  2b ) . 

With  A-U2GN  thick  plates,  fatigue  tests  in  longitudinal 
and  transverse  directions  give  results  very  near  those 
cf  A-UltSG.  The  table  A.  3.  lb  shows  results  in  axial 
fatigue  tension-compression  tests. 
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TABLE  A.3.1a  -  JWU4SG  EXTRUSION  BARS,  FATIGUE  TESTS  IN 

AXIAL  TENS  IOK-CCMPRESSI  ON,  values  of  (T  in  daN/—! 

3  ™ 


TABLE  A„3.1b  -  A-U2GN  THICK  PLATES,  FATIGUE  TESTS  IN 

AXIAL  Ti'3C5IGB-COHPRBSSICK,  values  of  (J  in  daN/L-S 

<3 


TABLE  A. 3. 2a  -  A-U4G1  ALUMINIUM  ALLOY,  NATURALLY  OR 
ARTIFICIALLY  AGED,  tensile  properties 
(plates  30  mm  Thick) 
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TABLE  A, 3.4.  EFFECTS  OP  SURFACE  CONDITIONS  OR  FATIGUE 
LIMIT  OF  T-A6V  25  m  BARS. 


:  CONDITION  OF  SPECIMENS 

. T" 

t 

S 

t 

s 

1 

t 

*t 

t 

t 

i 

i 

* 

< 

FATIGUE 
LIMIT  cr 

U 

AT  3x10? 

CYCLES 

daN/nm2 

t  IATHE,  R0UGHNP2SS  100  B.M.S . 

• 

•  m  •  •  O  S  8 

1.035 

'  i . 

i 

43 

t 

t 

3.3 

i 

i 

16,5 

1  60 . . . 

1 

1.035 

i 

47.6 

8 

8 

3.3 

t 

8 

17.6 

*  LATHE,  ANNEALED  1  h,  750#C . 

t 

1.035 

i 

36,3 

8 

8 

3.3 

V 

< 

5.3 

*  LATHE,  ANN.,  SHOOT-PI®.... . . . 

t 

. i 

1.035 

i 

t 

46.5 

*  LATHE,  ANN.,  VAPOR-BLASTED . 

t 

1.035 

i 

53.4 

t 

l 

3.3 

8 

1 

9.6 

1  ROUGH  TURNED,  CHEMICAL  MILLED... ......... 

i 

1.035 

i 

41.5 

8 

8 

3.3 

1 

S 

13.5 

1  R.  TURNED,  CHEM.  MILL.,,.. 

t 

i 

1  ‘  VAPOR-BLASTED . . 

8 

1.035 

8 

51.6 

8 

8 

3.3 

8 

8 

17.5 

*  MILL-MACHINED.. . . . . 

1.035 

> 

56.4 

8 

8 

3.3 

8 

8 

17 

• 

i 

t 

NOTE  t  These  results  were  obtained  with  an  early  lot  of  titanium  alloy  t  recent  results 
show  larger  values  of  fatigue  strength. 
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Up  to  10  cycles,  the  fatigue  strength  is  something  under 
that  of  A-UkSG.  Between  10°  and  10?  cycles,  they  are  comparable. 
The  tests  were  carried  out  on  an  AMSLER  Vibrophor  of  100  kN 

h  7 

with  a  110  Hz  frequency  for  10  ^  U  ^  10  ,  and  on  a  SCHENCK 

3 

pulsator  at  .3  Hz  for  N  ^  5*10  . 

A.  3.  2  -  Artificial  aging  effect  on  fatigue  strength  of  A-UUG1 
aluminium  alloy. 


For  several  years ,  the  service  behaviour  of  military  aircraft 
employing  A-U4G1  or  2024  extrusions  in  T351  quenched-stretched- 
naturally  aged  condition  has  drawn  attention  to  the  sensitivity 
of  this  condition  to  intergranuldr  corrosion  with  exfoliations. 
It  is  known  that  an  artificial  aging  for  12h  at  190°  C  after 

greatly  reduces  this 
3 ion.  / 


quenching  and  stretching  (t6 51  condition) 
sensitivity,  as  also  that  to  stress-corro 


The  C.E.A.T.  has  carried  out  comparative  fatigue  tests  on 
specimens  taken  out  of  thick  (30  mm)  A-U4G1  plates  with  in 
the  two  conditions  :  j 


T351  :  water-quenched  from  495°j 
naturally  aged  ; 


C, 


1\%  to  '2  %  stretched. 


T651  :  water-quenched  from  495°  C,  1  %  to  2  %  stretched, 
artificially  aged  for  12  hours  at  190°  C. 


The  compositions  was,  in  per  cent  : 


4.4  Cu  ;  .20  Si  ;  .71  Mn  ;  .40  Fe  ;  1.1*7  Mg  ;  remain  Al. 

The  table  A.  3.  2a  gives  the  tensile  properties.  The  smooth 
(K  =  1.035)  and  notched  (K  =  3*3)  specimens  were  machine-turned 

with  a  small  roughness  (30  R.M.S.).  The  reversed  fatigue  tension 
tests  (<rm  -  <&)  were  carried  out  on  an  AMSLER  Vibrophor  at 

4  7 

110  Hz  frequency  in  the  range  10  N  10  ,  the  results  in 
table  A.  3*  2b  show  no  significant  differences  between  T351 
and  T65I  conditions. 


Some  others  tests  on  extruded  stringers  showed  a  little  decrease 
in  fatigue  strength,  likely  due  to  relief  of  cold-work  hardening, 
dividing  the  fatigue  life  by  a  factor  of  two.  Our  inference  is 
that  the  gain  in  safety  obtained  by  the  elimination  of 
intergranular  corrosion  is  well  worth  the  small  decrease  in 
fatigue  strength  on  an  uncorroded  component. 

A.  3.  3  -  Effect  of  rounding  sharp  edges  on  the  fatigue  strength  of  the 
A-'u'4sg  ~p'lat~es': 

In  connection  with  the  fatigue  study  of  an  executive  aircraft. 
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the  Mystere  20,  the  "Societe  des  Avions  Marcel  Dassault"  has 
placed  an  order  with  C.E.A.T.  to  carry  out  fatigue  tests  in 
reversed  tension  (R  *  .1)  on  rectangular  flat  specimens 
(30  x  k  mm  in  cross-section)  machine-milled  from  A-UUSG  sheets. 

The  three  studied  conditions  were  : 

1  -  as  machined 

2  -  vapor-blasted 

3  -  scraped,  before  vapor-blasting. 

Figure  5  shows  the  increase  in  life  obtained  by  the  rounding 
of  sharp  corners . 

A.  3«  1+  -  Fatigue  tests  at  room  and  elevated  temperatures  on  bars 
of  T-A6V  titanium  alloy. 

These  tests  were  carried  out  by  the  C.E.A.T.  on  the  occasion 
of  a  study  requested  by  the  "Service  Technique  Aeronautique" 
and  the  "Societe  Messier".  The  metal’s  composition  was  : 

.030  ;  .10  Fe  ;  .02  Si  ;  5*80  A1  ;  3*90  V  -  remainder  Ti. 

The  specimens  were  taken  from  bars  25  mm  in  diameter. 

The  mechanical  properties  were  : 

<TuLt,  91  daN/mm2  ;  Oy. 2  =  88  daN/mm2  ;  A  %  =  14.5  ; 

IE  %  -  50  ;  50  J/cm2. 

Figure  6  shows  fatigue  test  results  ^  in  alternating  axial 
tension  -  compression  at  room  temperature  and  at  U00°  C.  The 
decrease  of  the  fatigue  strength  at  1+00°  C  is  significant 
with  smooth  specimens.  With  severely  notched  specimens  in 
the  range  of  high  numbers  of  cycles,  the  hot  fatigue  strength 
is  coxtiparable  to  that  at  room  temperature. 

Another  series  of  tests  at  room  temperature  was  intended  to 
study  the  effects  of  surface  conditions.  The  table  A.  3.  4 
gives  some  of  these  results.  The  small  values  of  (Ta  ,  with 

K  =  3-3,  after  annealing,  have  been  imputed  to  a  "contamination" 

Li 

(7) 

during  annealing.  A  complementary  study  has  shown  that 
these  small  values  were  due  to  a  hardened  superficial  layer 
of  about  .05  mm  thickness  on  the  annealed  specimens. 

A.  3-  5  -  Fatigue  tests  on  fiber  glass-polyester  panels. 

The  C.E.A.T.  has  carried  out  a  study  of  the  fatigue  behaviour 
of  smooth  and  notched  flat  specimens  taken  from  panels  made 
of  polyester  resin  reinforced  with  fiber  glass  woven  rovings. 
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FATIGUE  TESTS  ON  FIBER-GLASS  POLYESTER 
NOTCH  EFFECT  IS  LOW 


ARALDITE  103- 
CURED  70*C  3h. 


TABLE  B.1.1  -  BEHAVIOUR 
STRENGTH  j 
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Preliminary  tests  on  Vibrophor  have  shown  the  damaging  effect 
on  resin  of  a  temperature  increase  (l4o°  C)  due  to  internal 
friction.  Or  BALDWIN  and  AMSLER  pulsators ,  the  results  were 

frequency  =  30  Hz  ,  Afl  -  20°  C  to  90°  C 
6  Hz  ,  5°  C  to  k0°  C 

The  conclusions  was  that,  in  regard  to  characterization  tests, 
the  frequency  must  be  between  10  and  20  Hz  and  that,  for 
checking  actual  parts,  that  it  is  of  the  highest  importance 
tests  be  carried  out  at  the  service  frequency. 

The  panels  supplied  by  the  "Societe  du  Verre-Textile  de 
Chambery" ,  under  trade-mark  "Verre-ester  ^9"  contain  35  per  cent 
of  fiber  glass.  They  received  a  post-baking  of  15  hours  at 
60°  C.  Figure  7  shows  a  smooth  specimen  and  a  notched  one,  both 
of  them  damaged  by  fatigue.  The  lack  of  notch  effect  is  note¬ 
worthy  :  the  damage  is  limited  to  the  glass  fibers  uninterrupted 
during  the  cutting  out  of  the  specimen.  The  0T— >1  curves  of 
figure  8  confirm  this  absence  of  notch  effect  which  is  also 
confirmed  by  static  tensile  failure  tests  with  notched  and 
fatigue  cracked  specimens.  Fatigue  tests,  not  reported  here,  at 
a  frequency  of  6  Hz  for  K  values  of  1.035  and  1.7  give  results 

indistinguishable  from  those  of  figure  8.  Tests  are  now  in 
progress  on  fiber-glass  specimens  reinforced  with  unidirectional 
roving.  They  concern  partially  the  characterization  of  damage. 


B.  MISCELLANEOUS  TESTS 

B.  1  -  TESTS  BY  AIRCRAFT  MANUFACTURERS. 

Like  the  C.E.A.T.,  the  aircraft  manufacturers  carry  out  check 
tests  on  such  elements  as  attachments,  fittings,  various 
components  or  partial  assemblies.  It  is  difficult  to  draw 
general  conclusions  from  these  check  tests.  Certain  test  series 
conceived  by  aircraft  manufacturers  include  final  tests  in 
C.E.A.T.  laboratories  ;  that  was  the  case  for  the  study  formerly 
mentioned  in  paragraph  A.  3.  3  of  this  paper.  The  following 
paragraph  gives  another  example. 

B.  1.  1  -  Fatigue  behaviour  of  steel  bushes  cold-glued  into 
aluminium  alloy  components. 

It  is  well  known  that  the  fatigue  strength  decrease, 
due  to  fretting  between  a  steel  axle  and  a  light 
alloy  component,  can  be  avoided  by  interposition  of 
a.  press-fitted  steel  bush.  However,  another  failure 
risk  arises  from  the  tension  stresses  induced  into 
the  component  by  press-fitting,  particularly  in  the 
cases  of  alloys  sensitive  to  intergranular  corrosion 
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or  stress  -  corrosion,  and/or  brittle  in  short  transverse  direction. 
These  circumstances  have  led  the  "Service  Technique  Aeronautique" 
to  recommend  avoidance  of  this  kind  of  fitting  in  each  case  where 
the  short  transverse  is  under  tensile  stresses. 

The  "Societe  Breguet-Aviation"  and  the  C.E.A.T.  have  carried  out 
a  study  on  the  fitting  of  steel  bushes  by  gluing.  It  is  significant 
that  warm-gluing  is  dangerous  with  curing  temperatures  in  the 
range  120  to  170°  C  ;  sometimes,  this  treatment  sensitizes 
aluminium  alloys  to  stress  -  corrosion.  Because  of  this,  it  was 
decided  to  use  a  curing  temperature  of  only  70°  C.  A  recent 

t  a  \ 

work  demonstrates  a  good  behaviour  of  30  NCD16  steel  bushes 
glued  into  flat  A-UUG  aluminium  alloy  bar  by  means  of  Araldite  103 
(with  ten  per  cent  of  930  hardener  and  7«5  per  cent  of  thiokol). 

The  initial  fit  clearance  was  of  .07  mm  or  .10  mm  on  diameter  ; 
the  curing  temperature  was  70°  C. 

Figure  9  shows  the  specimen.  It  was  axially  loaded  by  means  of  a 
fork  fitted  with  a  loaded  specimen  by  a  steel  axle.  The  fatigue 
loading  was  carried  out  at  a  frequency  of  6  Hz  in  reversed  tension 
(R  =  .1).  The  loadings  are  shown  in  table  B.  1.  1  in  terms  of 

.  .  P 

nominal  bearing  stresses,  p  =  — ^  >  and  of  number  of  cycles,  n. 

After  fatigue  loading,  during  push  out  tests,  the  axial  shear 
stresses  applied  to  the  glue  and  required  for  failure  were  measured. 
Table  B.  T.  1  gives  the  results,  i.e.,  the  shear  strength  decrease 
with  increase  of  initial  clearance,  level  of  fatigue  loading,  and 
number  of  cycles.  It  is  evident  that  there  remained  an  adequate 
shear  strength  to  resist  an  accidental  extraction  of  bush. 

We  put  these  results  with  previous  test  results  obtained  in  19^9 » 
on  the  fatigue  strength  of  glued  joints  in  control  rods  connecting 
A-UHSG  tips  and  A-UUG1  tubes.  The  joints  was  made  with  Araldite 
powder  cured  8  hours  at  l40°  C.  The  fatigue  loading,  in  axial 
alternating  tension  -  compression  by  means  of  a  SCHENCK  pulsator, 
stopped  automatically  with  the  appearance  of  longitudinal  relative 
movements  due  bo  slip  on  the  glue  surface.  The  fatigue  shear  limit 
was  about  3  daN/mm2.  The  "failed"  specimens  were  found  still  able 
to  resist  half  the  loading  of  the  original  virgin  specimens.  A 
sectioning  showed  that  the  glue  surface  was  severely  fragmented  : 
we  imputed  the  residual  static  strength  to  friction  arising  from 
an  expansion  of  the  fragments  from  the  glued  joint. 

B.  1.  2  -  Fatigue  crack  propagation  in  outer  skin  of  a  honeycomb  sandwich 
fuselage. 

In  connection  with  the  "fail-safe"  behaviour  study  of  a  pressurized 
fuselage  of  the  navy  patroller  aircraft  "Breguet  1150" ,  the 
"Societe  Breguet-Aviation"  has  constructed  a  reduced  model  of  a 
section  of  fuselage  in  order  to  carry  out  a  preliminary  study  on 
rate  of  crack  propagation  during  fatigue. 
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The  primary  aim  of  those  tests  is  to  prepare  further  large  scale 
fail-safe  tests  for  the  actual  aircraft  fuselage,  which  will  heve 
been  employed  for  classical  fatigue  tests. 

The  main  function  of  a  honeycomb  core  in  sandwich  structure  is  to 
stabilize  the  face  sheets  against  local  and  general  buckling.  The 
shear  stiffness  of  a  metallic  honeycomb  core  can  also  however 
transfer  shear  loads,  thus  diffusing  into  one  of  the  skin  sheets, 
a  local  load  applied  to  the  other.  In  case  of  a  fatigue  crack  in 
one  of  the  sheets,  the  initial  tensile  and  shear  stresses,  cancelled 
by  the  crack  are  carried  over  into  the  other  sheet.  It  follows, 
therefore,  that  the  stress  concentrations  at  the  tips  of  the  crack 
remain  low  and  tend  towards  a  limit  value  as  the  crackgrowth.  Figure 
10  shows  the  model.  The  inner  radius  of  the  upper  section  is  630  mm  ; 
the  panel,  20  mm  thick,  is  made  of  two  A-L&Gl  sheets,  .32  mm  thick, 
and  of  a  honeycomb  core  with  hexagonal  cells  of  6  mm  diameter  and 
.025  mm  thickness.  The  sheet-to-core  and  sheet-to-bordering  extrusion 
joints  are  glued.  .The  lower  section  has  a  radius  of  1260  mm  ;  it  is 
made  with  a  sheet  of  1  mm  thickness.  A  honeycomb  floor-plate  carrys 
the  compression  load  resulting  from  the  influence  of  the  upper  and 
lower  sections. 

A  sawed  artificial  crack,  500  mm  length,  was  made  in  the  outer  sheet 
of  the  upper  section.  The  model  was  loaded  by  pressure  and  cycled 
between  zero  and  .6  daN/cm2.  About  30,000  cycles  of  pressure  have 
been  carried  out,  during  which  time,  the  crack  length  increases  were 
measured.  Figure  11  shows  that  the  rate  of  crack  propagation  is 
constantly  decreasing  and  is  tending  towards  a  very  low  limit  value. 

At  one  of  the  tips,  the  initial  saw-cut  was  stopped  dead  ;  at  the 
other  one,  where  the  sheet  was  scratched  by  the  saw,  a  striation 
10  mm  in  length  caused  a  faster  crack  propagation.  After  30,000  cycles 
of  pressure,  corresponding  to  fatigue  tensile  stresses  reversed 
between  zero  and  5*9  daN/mm2,  the  crack  has  stopped  dead.  The  total 
growth  was  50  mm. 

Honeycomb  sandwich  fullfills  thus  the  two  requirements  of  the 
fail-safe  concept  : 

a)  that  there  is  a  second  load  path  after  partial  failure. 

b)  that  a  crack,  sufficiently  long  to  be  really  detectable,  has  a 
very  low  rate  of  propagation. 

nevertheless,  I  think  that  this  kind  of  low-weight  airframe  construction, 
shown  very  safe  in  this  particular  case,  is  only  fail-safe  because  the 
small  values  of  stresses  and  stress  concentration  factors  but  is 
really  safe-life.  Since  the  total  fatigue  failure  of  a  skin  sheet 
would  give  a  stress  of  11.8  daN/mm2  in  the  other  one,  it  would  not 
be  able  to  create  a  crack  in  it  ;  therefore,  it  is  fail-safe  but  only 
with  this  moderated  stress.  In  effect,  if  one  supposes  a  pressure  of 
.8  daN/cm2  giving  a  tensile  gross  loop  stress  of  8  daN/mm2  with  the 
same  sheet  thicknesses,  a  long  crack  would  give  a  16  daN/mm2  stress 
in  the  second  sheet  ;  this  stress  value  is  able  to  develop  a  fast 
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growing  fatigue  crack  in  the  sheet  in  the  case  where  one  had 
already  some  damage.  If  the  inner  sheet  were  the  first  failed 
for  any  cause,  corrosion  for  instance,  there  is  the  risk  that 
the  outer  sheet  will  experience  some  accidental  damage  such  as 
to  initiate  a  fast  propagating  fatigue  crack.  This  is  a  reason 
to  use  sheet  cladded  on  both  sides  like  is  the  case  for  the 
Breguet  1150  aircraft,  and  to  authorize  only  moderate  stresses, 
the  sandwich  core  then  having  for  single  function  the  provision 
of  stiffness  against  buckling. 

B.  2  -  O.E.C.D  WORK  OK  FATIGUE  DAMAGE 


Though  the  object  of  this  work  is  not  aircraft  fatigue  nor  only 
a  french  activity,  we  must  mention  this  international  co-operation 
carried  out  under  O.E.C.D.  (Organization  of  Economic  Co-operation 
and  Developement )  by  several  laboratories  (R.F.A. ,  Belgium,  Canada, 
France,  Italy,  Netherlands,  United  Kingdom,  Switzerland).  The 
partial  report  on  fatigue  o'f  a  chrome-molydenum  steel  under  stresses 
of  amplitude  varying  during  the  tests  was  edited  in  1966  by 
BASTENAIRE,  POMEY  and  SALKIN. 

We  cannot  give  an  extensive  summary  of  this  enormous  experimental 
study.  The  work  deals  with  residual  life  and  the  new  fatigue  limit 
after  the  damaging  effect  of  one  or  two  fatigue  pre-loadings  at 
stress  levels  different  from  the  final  one  which  gave  the  failure. 

The  35  CDU  steel  studied  had  the  composition,  in  per  cent  : 

•35  C  ;  .32  Si  ;  .60  Mn  ;  .20  Ni  ;  1.16  Cr  ;  .20  Mo  ; 

.006  S  ;  .016  P. 

The  18  mm  diameter  bars  had  undergone  the  treatment  :  45  min.  at 
850°  C,  oil  quenching,  tempering  for  4  h  at  590°  C,  air-cooling. 
Their  mechanical  properties  were  =  100  daN/mm^, 

0y.2  =  87  daN/mm^,  A  %  -  15 t  %  -  57*  The  toric  smooth 

specimens  (d  =  6  mm,  radius  of  groove  =  40  mm)  were  polish-ground  in 
the  longitudinal  direction  from  d  =  6.05  mm  to  6  mm  in  ten  passes 
of  .0025  on  the  radius. 

A  first  series  of  simple  tests  under  alternating  tension-compression 
on  the  AMSLER  Vibrophor,  at  a  frequency  of  I85  Hz,  with  stress 
levels  A  =  55»  B  =  60  and  C  =  65  daN/mm^,  included  9  tests  at  each 
level. 

Between  the  test  results  of  the  different  laboratories  the  scatter 
was  larger  than  for  the  test  results  of  the  laboratories  involved  : 
the  ratio  of  the  variance  of  the  means  to  the  mean  of  the  variances 
had,  respectively,  the  values  1.79,  3.4  and  9.5  for  the  levels  A, 

B  and  C. 

The  reported  fatigue  limits  at  10  cycles  varied  from  48*5  to 
53.3  daN/mm^.  The  tensile  strength  was  little  modified  (increase  or 

decrease)  by  fatigue  loading. 
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The  reduction  of  aree  was  not  modified.  After  fatigue  damage  at  any  of 
the  levels  of  loading,  the  scatter  of  fatigue  limit  remained  unchanged. 
The  variation  of  fatigue  limit  suggests  no  simple  behaviour  :  the  limit 
decreases  or  increases  with  the  levels  of  damaging  loads,  without 
suggesting  any  obvious  law. 

Along  with  some  other  results,  this  particular  result  confirms  me  in 

opinion,  held  for  about  13  years  that  fatigue  damage  is  not 

describable  by  any  single  parameter  but  depends  on  several  hidden 
parameters  and  their  statistic  distributions  in  intensities  and  locations. 
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Since  last  ICAF-meeting  in  Munioh,  our  activities  in  the  field  of 
fatigue  have  been  similar  to  those  in  earlier  years.  The  work  has  been  of 
experimental  nature  and  has  to  a  large  extent  been  s£*hoo  testa  on  materials 
and  structural  components.  The  fatigue  Investigations  which  have  been  carried 
out  and  which  are  of  more  general  interest,  deal  with  the  following  items. 

1.  Study  of  the  fatigue  properties  of  high-strength  steels. 

Since  a  few  years,  FFA  and  the  SAAB  Aircraft  Company  are  conducting 
fatigue  tests  in  order  to  study  the  fatigue  properties  of  high-strength 
steels.  At  the  previous  conference,  results  were  presented  from  teBts  on 
the  following  materials:  Vacuum  melt  5  ^  Cr-Bteel  corresponding  to  AISI 
Type  H-13,  18  io  Maragingeteel  and  a  Cr-Mo-Hi-steel  similar  to  4130.  Results 
are  now  available  from  tests  on  vacuum-melt  5  ^  Cr-8teel  corresponding  to 
AISI  Type  H-11  Modified.  12  i»  Cr-steel  corresponding  to  AISI  Type  420,  and 
auetenitic  steel  corresponding  to  17-4PH.  The  chemical  compositions  and 
statio  properties  for  these  materials  are  given  in  table  1.1. 

The  main  portion  of  the  tests  was  carried  out  with  an  alternating 
tensile-oompressive  loading  with  a  mean  stress  of  zero  (R  -  -l),  but  in  some 
cases  fatigue  teats  also  were  performed  with  mean  stresses  of  +40  and  -40  kg/mm. 
Onnotched  test  specimens  of  circular  cross  section  as  well  as  notched  speci¬ 
mens  have  been  tested  according  to  table  1.2.  The  test  specimens  were  first 
rough  turned.  Then  they  were  heat-treated  to  the  required  static  ultimate 
strength,  and  fine  turned.  The  notches  were  ground. 

The  results  from  the  fatigue  tests  are  reported  in  the  following  for 
each  type  of  steel. 

Vacuumjmelt  j^.O  $  Cr-sJjeelj.  Mod. 

In  order  to  study  the  effect  of  a  small  variation  in  ultimate  strength 
on  the  fatigue  strength,  the  material  was  boat-treated  to  two  different 

*  p 

values  of  the  ultimate  strength,  viz.  170  and  180  kg/mm  ,  (measured  mean 

p 

values  were  168  and  179  kg/mm  respectively). 

Results  of  S-K  tests,  conducted  at  a  stress  ratio  of  R  -  -1  are  shown 

p 

in  Fig.  1.1.  For  unnotched  specimens  with  a  ..  -  180  kg/mm  the  fatigue 

6  7  **  p 

strength  at  N  -  10  -  10  cycles  is  about  10  kg/anr  higher  than  the  fatigue 
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strength  of  the  specimens  with  oult  *  170  kg/mm  ;  i.e.  the  difference  in 
fatigue  strength  is  approximately  the  same  as  the  difference  in  static  strength. 
For  the  notched  specimens  ?d.th  a  stress  concentration  factor  of  1.6,  however, 
an  increase  in  static  strength  from  1 70  to  180  kg/mm  has  no  significant  influ¬ 
ence  on  the  fatigue  strength.  In  Fig.  1.2,  the  relationship  betwefen  stress 
amplitude  and  mean  stress  is  given  for  different  values  of  the  life-time  for 
the  notched  specimen  (K^  «  1.8,  o 

12jLCr-steel,_4-ype  A20'u 

Unnotched  test  specimens  were  taken  from  a  rolled  bar  of  60  mm  diameter 
in  both  the  longitudinal  and  transverse  direction  of  the  bar,  while  notched 
specimens  were  taken  in  the  longitudinal  direction  only. 

The  results  of  the  fatigue  tests  are  presented  in  Fig.  1.5  showing  the 
relationship  between  the  stress  amplitude  and  the  mean  stress  for  different 
values  of  N.  The  results  show  that  the  fatigue  strength  of  unnotched  specimens 
is  considerably  lower  for  specimens  taken  in  the  transverse  direction  of  the 
bar  compared  with  those  taken  in  the  longitudinal  direction.  The  fracture 
surface  of  specimens  taken  in  the  longitudinal  direction  appeared  to  be  quite 
normal,  whereas  the  surface  of  the  transverse  specimens  had  a  flaky  structure. 

Age  hardening  steel., _tjpe  . 

This  steel  was  also  heat-treated  to  two  different  values  of  the  ultimate 

2 

tensile  strength,  viz.  110  and  145  kg/mm.  The  results  of  the  5-N-tests  at 
R  «  -1  are  compiled  in  Fig.  1.4.  This  figure  shows  that  an  increase  in  the 
ultimate  strength  from  110  to  145  kg/mm^,  i.e.  with  50  °/°,  results  in  an  in- 
crease  in  fatigue  strength  at  N  -  10  of  8  $  for  unnotched  specimens,  and  of 
5  %  for  notched  specimens. 

2.  The  effect  of  cold-working  on  the  fatigue  strength  of  high  strength  steels. 
2 . _1_ •  _C o  1  d -  working  by^rolling^ 

An  investigation  was  carried  out  in  order  to  study  the  effect  of  cold¬ 
working  by  rolling  and  the  influence  of  rolling  pressure  on  the  fatigue  strength 

of  two  high-strenjth-steels.  The  materials  investigated  were  a  Cr-Mo-steel 

2 

(corresponding  to  41 50)  with  a  tensile  strength  of  100  kg/mm  ,  and  a  Hy-Tuf 

.  o 

steel  with  a  tensile  strength  of  170  kg/iam'.  See  table  2.1. 


ult  *  170  kg//mm 
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The  specimens  were  taken  from  a  JO  ram  round  rod  and  were  manufactured 
as  follows:  First  they  were  rough  turned,  leaving  a  0.5  nnn  material  layer 
for  the  final  finishing  process.  After  that,  the  specimens  were  heat-treated 
and  fire  ground  to  the  required  dimensions  before  rolling.  The  process  of 
rolling  was  performed  in  a  rolling  machine  manufactured  by  Hegenscheidt,  and 
three  different  rolling  pressures  were  used  for  each  material}  see  table  2.2 
where  also  the  depth  of  the  cold-worked  layer  are  given. 

Both  unnotchod  and  notched  specimens  (K^  -  1.8)  according  to  Fig.  2.1, 
were  fatigue  tested  in  pulsating  tension  with  the  lower  load  limit  equal  to 
aero.  (R  -  o) . 

\ 

The  results  from  the  tests  on  specimens  of  Cr^Mo-jsteel.  are  shown  in 
Fig.  2.2.  It  is  evident  from  this  diagram  that  cold-working  by  rolling  has 
little  effect  on  the  fatigue  strength  of  unnotched  specimens.  The  rolling 
procedure,  however,  gives  a  considerable  increase  in  fatigue  strength  of 
notched  specimens  as  can  be  seen  if  the  two  lower  scatter  bands  are  compared. 
The  increase  in  fatigue  strength  is  approximately  60  %  at  N  «  10  ,  independent¬ 
ly  of  the  magnitude  of  rolling  pressure  O0,  125  or  160  kg). 

If  a  rolled  notched  specimen  is  statically  pre-loaded  to  a  high  tensile 

stress  immediately  followed  by  a  compressive  stress  of  the  same  magnitude 

before  fatigue  testing,  the  increase  in  fatigue  strength  attained  by  rolling 

is  completely  lost.  The  squares  in  the  diagram  which  lie  within  the  scatter 

bund  for  not  rolled  notched  specimens,  represent  the  fatigue  life  of  rolled 

2 

specimens  which  were  pre-loaded  to  +70  kg/mm  (75  of  the  yield  strength). 

The  results  from  tests  on  the  §y^Tuf^s_teel_  are  shewn  in  Fig.  2.5.  The 
rolling  process  had  no  effect  on  the  fatigue  strength  of  unnotched  specimens. 
The  testpoints  for  not  rolled  and  for  rolled  test  specimens  fall  within  the 
same  scatter  band.  The  fatigue  strength  of  the  notched  not  rolled  test  speci¬ 
mens  is  comparatively  high  and  it  is  only  moderately  increased  (approximately 
18  at  N  *»  10  )  by  rolling.  The  highest  rolling  pressure,  200  kg,  tendB  to 
raise  the  fatigue  strength  slightly  more  than  the  pressures  100  and  150  kg 
('■'  4  yfc  at  IT  «  10  ).  One  preloading  cycle  to  +115  kg/run  (75  of  the  yield 
strength)  applied  to  rolled  notched  specimens  results  in  a  large  reduction 
of  the  fatigue  strength.  The  strength  of  rolled  <md  pre-loaded  specimens 
(squares  in  Fig.  2.3)  becomes  even  lower  than  that  of  not  rolled,  notched 
specimens.  A  reason  for  this  may  be  that  the  surface  of  the  non- re 1  led  test- 
specimens  gained  some  cold-working  7/hen  turned.  If  so,  w'e  have  one  explana¬ 
tion  for  the  considerably  smaller  increase  in  fatigue  strength  gained  by 
rolling  of  the  Hy-Tuf  steel,  as  compared  ith  the  Cr-Mo-steel. 
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2. 2. _Co ld-working  J^_3hot-£eerdn,g._ 

The  effect  of  shot-peening  on  the  fatigue  strength  has  been  studied 

for  notohed  specimens  of  the  5  ^  Cr-steel  mentioned  in  section  1 .  The  ulti- 

2 

mate  tensile  strength  of  the  material  was  1 70  and  180  kg/mm  ,  and  the  stress 
concentration  factor  of  the  notch  was  1.8,  see  table  1.2.  In  these  testa 
the  specimens  were  loaded  in  alternating  tensile-compressive  loading  with 
a  mean  stress  of  zero  (R  «  -l).  The  results  from  these  tests  showed  that 
shot-peening  had  no  influence  at  all  on  the  fatigue  strength. 

3.  The  effect  of  shot-peening  on  the  fatigue  strength  of  material  Nimonlc  90 
at  elevated  temperatures.  ’ 

The  possibility  of  increasing  the  fatigue  strength  of  the  root  part  of 
turbine  blades  by  shot-peening  has  been  investigated.  The  work  was  carried 
out  at^  ;he  Swedish  Air  Force  Material  Laboratory. 

A  metallographic  investigation  was  first  performed  in  order  to  study 
the  influence  of  cold-working  on  the  micro-structure  of  the  material  upon 
heating.  Fatigue  tests  were  then  carried  out  at  elevated  temperatures  on 
test  specimens  that  had  been  cold-worked  by  shot-peening  with  glass  bullets 
and  also  on  unprepared  specimens. 

The  purpose  of  the  metallographic  investigation  was  to  find  out  whether 
reory stalli zation  occurs  at  the  working  temperature  of  the  turbine  blade. 

If  so,  the  effect  of  cold-working  might  very  well  be  unfavourable  and  could 
result  in  a  reduction  of  the  fatigue  strength.  The  investigation  showed  that 
recryatalization  does  not  occur  in  cold-worked  test  specimens  subjected  to 
400  and  600°C  for  100  h.  When  heated  to  800°C,  a  thin  layer  of  recrystallized 

t 

material  appeared  on  the  surface,  but  underneath,  the  effect  of  cold-working 
still  remained.  As  the  occurance  of  temperatures  in  the  root  part  of  the 
blade  in  excess  of  600°C  has  been  deemed  improbable,  there  should  be  no  risk 
for  recryBtallizataon  in  service. 

In  the  fatigue  tests,  notched  specimens  according  to  Fig.  3*1  were  used. 
The  radius  of  the  specimen  notch  was  the  same  as  for  the  fir  tree  attachment 
part  of  the  blade.  The  specimens  were  loaded  in  rotating  bending  at  the  tem¬ 
peratures  450  and  600°C.  The  loading  frequency  was  about  3000  cycles  per  min. 
The  results  of  these  fatigue  tests  are  presented  in  the  form  of  S-N-curves  in 

Fig.  3.1 .  It  is  evident  from  the  diagram  that  shot-peening  of  the  notch  in- 

7 

creases  the  fatigue  strength  at  N  -  10  cycles  by  approximately  40  per  cent 
at  450°C,  and  by  about  35  per  cent  at  600°C.  Furthermore,  the  diagram  shows 
that  the  fatigue  strength  of  both  unprepared  and  cold-worked  specimens  is 
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noticeably  higher  at  600°C  than  at  450°C.  Aocording  to  W.  Belleridge 
("The  Himonic  Alloy")  the  tensile  yield  strength  of  Himonic  90  is  eomewisai 
higher  at  600°C  than  at  500°C.  It  iu  probable  that  the  higher  fatigue  strength 
at  600°C  is  a  oonsequenoe  of  this  faot. 

4.  Fatigue  tests  with  riveted  .joints. 

The  purpose  of  this  investigation  was  to  obtain  more  information  on  the 
fatigue  properties  of  a  riveted  joint  in  Alclad  2024  sheet  typioal  for  aircraft 
structures. 

The  investigation  comprises  fatigue  tests  far  the  determination  of  the 
S-N-curves  for  different  values  of  the  mean  stress  and  some  programme  tests. 

The  fatigue  lives  obtained  in  the  programme  tests  were  compared  with  those 
predicted  by  means  of  the  linear  cumulative  damage  theory  (L  ^  -  l). 

The  test  specimen,  a  triple  row,  single  shear  butt  joint,  is  shown  in 
Fig.  4.1.  In  order  to  simulate  the  normal  stiffening  effect  of  stringers  in 
complete  panels  the  splice  plate  of  the  joint  was  bent  in  the  way  Indicated 
by  the  figure. 

The  results  of  the  constant  amplitude  tests  are  compiled  in  Fig.  4*2» 

in  the  form  af  a  Haigh-diagram.  The  stresses  are  baaed  on  the  gross  area  of 

the  test  specimen,  which  averaged  99*3  mm  .  (The  net-area  at  the  firBt  rivet 
2  2 

row  was  76.3  mm  and  at  the  second  row  64.8  mm  ).  The  ultimate  tensile  strength 
of  the  joint  was  30. 5  kg/mm  and  of  the  sheet  material  45.3  kg/mm  . 

In  the  programme  teats,  the  stresses  were  varied  aocording  to  two  differ¬ 
ent  programmes,  see  Fig.  4.3.  These  programmes  were  derived  from  a  cumulative 

load  spectrum  for  a  Jet-trainer  with  a  limit  load  factor,  n  ,of  about  7*3. 

z 

Only  the  stress  cycle  minimums  were  different  in  the  two  load  programmes  A  and 
B.  In  programme  A  the  stress  cycle  minimums  were  varied.  In  programme  B  they 
were  all  the  same  and  equal  to  zero.  The  fatigue  life  of  the  joint  calculated 
according  to  the  cumulative  damage  theory  yielded  practically  the  same  value 
for  the  two  spectra. 

Programme  tests  were  carried  out  at  different  stress  levels.  The  stress 
level  is  defined  as  the  highest  stress  within  the  programme  block,  a  _  *  corre- 

luHX 

spending  to  87  per  cent  of  the  stress  at  limit  load  o^.  In  the  testing  the 

number  of  loading  cycles  within  a  programme  block  was  determined  by  means  of 

the  cumulative  damage  theory  in  such  way  that  failure  should  occur  after  10-30 

programme  blocks.  In  a  few  tests,  however,  the  number  of  programme  blocks 

exceeded  100  before  failure.  The  results  from  the  programme  tests  are  shown 

in  Fig.  4.4,  which  gives  the  relationship  tween  a  and  the  fatigue  life 

max 
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expressed  in  hours  of  flight.  The  diagramme  alBO  includes  the  calculated 
lives.  It  is  evident  that  the  experimentally  obtained  lives  all  exceed  the 
calculated  values,  which  means  that  the  cumulative  damage  theory  yields  a 
cdner rvative  estimate  of  the  fatigue  life  in  these  cases.  Furthermore  it  is 
evident  that  the  programme  B  tests,  where  the  stress  cycle  minimum  was  zero, 
yield  life  times  about  twice  as  long  as  the  programme  A  tests.  This  is  in 
disagreement  with  the  linear  damage  rule,  which  predicts  the  same  life  for 
the  two  load  programmes.  Thus,  the  present  investigation  confirms  the  ex¬ 
perience  gained  in  other  works  that  compressive  stresses  in  a  load  spectrum 
cause  a  decrease  of  the  fatigue  life  in  programme  testing. 

5.  Fatigue  strength  of  lugs. 

At  the  last  conference  an  account  was  given  for  an  investigation,  which 
had  been  commenced  in  order  to  study  the  fatigue  strength  of  lugs  and  the 
possibility  to  increase  the  fatigue  strength  by  fitting  the  lugs  with  inter¬ 
ference  fit  steel  bushes  or  by  expanding  the  hole  by  pressing  an  oversize  pin 
or  ball  through  it.  The  investigation  has  been  continued,  and  the  effect 
of  some  different  methods  of  increasing  the  fatigue  strength  of  the  lugs  has 
been  studied  both  at  constant  load  amplitude  tests  and  programme  fatigue  teste. 

^.1  *_ Constant  _load_amr)l i_tude_ tes^ts^ 

In  these  tests  the  influence  of  various  degrees  of  cold-working  on  the 
fatigue  strength  was  studied,  as  well  as  the  influence  of  coating  the  bolts 
with  Kolycote  Z106. 

The  cold-working  wan  achieved  by  pressing  nn  oversize  ball  through  the 
hole.  This  operation  results,  however,  in  a  hole  with  a.  diameter  varying  through 
the  thickness  of  the  lug,  according  to  Fig.  5*1&.  By  pressing  the  bell  once 
more  through  the  hole,  but  in  the  opposite  direction,  a  smaller  variation  in 
diameter  is  obtained,  see  Fig.  5»1b.  The  fact  that  the  hole  diameter  becomes 
larger  at  the  outer  ends  than  in  the  middle  of  the  thickness  of  the  lug  means 
that  there  will  be  difficulties  to  achieve  a  prescribed  small  clearance  between 
hole  and  bolt.  If,  for  example  a  clearance  of  g6  is  prescribed  for  a  hole  of 
15*8  mm  diameter,  the  deviation  from  this  value  is  allowed  to  varj  between  0  and 
+.016  mm.  The  process  of  cold-working  yields  in  this  particular  case,  according 
to  Fig.  5*^,  a  variation  in  the  hole  diameter  of  approximately  .040  mm.  In 
order  to  obtain  the  prescribed  clearance,  the  hole  has  to  be  reamed,  but  then, 
of  course,  there  is  a  risk  that  the  effect  of  cold-working  will  diminish  or 
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disappear  completely.  These  circumstances  were  studied  for  different  degrees 
of  cold-working  and  for  reaming  to  two  different  depths,  .02  mm  and  .12  mm. 

The  specimen  geometry  is  shown  in  Fig.  5*2.  The  material  was  cut  from 
a  forged  bar  of  aluminium  alloy  7079-T6  (140  mm  in  diameter  and  500  mm  in  length) 
in  such  a  way  that  the  direction  of  loading  was  parallel  to  the  length  of  the 
bar.  In  order  to  obtain  as  much  information  as  possible  from  one  test,  differ¬ 
ent  treatments  were  applied  to  the  two  holes  of  the  test  specimen.  The  tests, 
however,  were  interrupted  when  fracture  occurred  at  one  of  the  holes.  Thus  no 
information  was  obtained  regarding  the  fatigue  life  of  the  other  lug,  apart 

from  the  knowledge  that  the  treatment  applied  to  that  hole  gave  a  higher  fatigue 

•  \ 

strength.  The  different  series  of  teats  are  defined  in  Fig.  5*2. 

The  test  specimens  were  loaded  in  pulsating  tension.  The  lower  stress 
limit  was  constant  and  equal  . to  1.0  kg/nrni  in  all  test  series. 

From  the  test  results,  see  Fig.  5*3*  the  following  conclusions  can  be  drawn. 

a)  A  permanent  plastic  expansion  of  the  hole  yields  an  increase  in 
fatigue  strength  of  the  lug.  For  the  different  levels  of  cold¬ 
working  investigated,  the  fatigue  strength  seems  to  increase 
with  an  increase  of  the  degree  of  expansion. 

b)  A  .02  mm  reaming  of  a  hole  expanded  1 . 1  yields  a  decrease  in 
fatigue  strength  to  the  level  obtained  for  an  unreamed  hole 
expanded  0.6  $.  A  .12  mm  reaming  applied  to  the  first  mentioned  hole 
lowers  the  fatigue  strength  still  further. 

c)  Coating  the  bolt  with  Molycote  yields  an  increase  of  the  fatigue 
strength,  but  the  magnitude  of  this  increase  has  not  been  possible 
to  determine  because  fracture  always  occurred  at  the  hole  where 

an  untreated  bolt  was  used. 

£ .2 ._Programme_te st  s^ 

This  investigation  comprises  lugs  with  the  following  variation  in  design. 

A.  Lugs  with  steel  bushes.  The  play  between  the  lug  and  the  bush  was  .11 

B.  Equal  to  series  A,  but  the  bushes  were  coated  with  Molycote  X106. 

C.  Lugs  with  interference  fit  steel  bushes.  The  interference  fit  was 
14  %  of  the  hole  diameter. 

D.  Lugs  with  steel  bushes  and  with  expanded  hole.  The  permanent  expansion 
of  the  hole  in  the  lug  was  1.0  $  and  was  obtained  by  pressing  an 
oversized  ball  through  the  hole.  The  hole  was  not  reamed  after  the 
expansion  and  therefore  the  play  between  the  hole  and  the  bush  varied, 
as  mentioned  in  section  5*1*  The  mean-value  of  the  play  was  about  .12 

Bushes  were  used  in  series  A,  B  and  D  with  the  purpose  of  keeping  the 
dimensions  of  lugs  and  bolts  constant  in  all  series  to  be  able  to  compare 
directly  the  test  results. 
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The  dimensions  of  the  lugs  are  shown  in  Fig.  5*4*  The  test  specimens  were 
taken  from  the  same  oar  as  the  specimens  used  for  the  constant  amplitude 
testing  (section  b.l).  The  bushes,  made  of  steel  "  100  kg/mm  ,had  an 

outer  diameter  of  19  mm  and  an  inner  diameter  of  1 6  mm. 

The  testing  has  been  carried  out  as  a  block-programme  test.  The  relative 

values  of  the  different  stress  levels  and  the  number  of  stress  cycles  at  each 

stress  level  within  a  block  are  given  i  table  5*1»  valid  for  a  constant  lower 

stress  limit  equal  to  zero.  Programme  tests  were  carried  out  for  different 

values  of  o  i.e.  the  maximum  stress  within  a  block, 
max 

This  investigation  is  not  yet  finished  but  the  results  obtained  up  to 
now  are  presented  in  Fig.  5*5  which  gives  the  relationships  between  c>max  and 
the  fatigue  life,  expressed  in  total  number  of  stress  cycles  N. 

The  results  show  that  Molycote  has  a  slightly  improving  effect  on  the 
fatigue  life  of  tho  lug.  The  longest  fatigue  life  has  been  obtained,  however, 
1'r.r  lugs  with  expanded  holes  and  lugs  with  interference  fit  steel  bushes,  which 
is  in  agreement  with  the  results  of  the  constant  amplitude  tests  carried  out 
earlier.  The  difference  in  length  of  life  between  the  latter  two  types  of  lug 
design  is  not  so  big,  however,  as  could  be  expected  from  the  testing  at  constant 
amplitudes,  see  Ref.  fl]. 

When  fatigue  failure  occurred  at  one  of  the  holes  of  the  test  specimen 
f  itigue  cracks  had  usually  been  initiated,  having  propagated  to  various  lengths, 
at.  the  ther  h;  le.  These  lugs  have  been  loaded  statically  in  order  to  deter¬ 
mine  the  residual  strength.  The  results  of  the  static  tests  are  given  in 
Fig.  5*6,  which  shows,  the  ratio  between  the  residual  strength  and  the  original 
ultimate  strength  versus  the  total  area  loss  of  the  original  net  area  due  to 
cracks.  In  the  di  gram  residual  strengths  obtained  in  the  fatigue  testing 
have  also  been  included,  assuming  the  ultimate  residual  strength  to  be  equal  to 
the  load  applied  when  the  failure  took  place. 

Reference . 

ri]  Wftllgren,  G.  Review  of  some  Swedish  investigations  on 

fatigue  during  the  period  April  1965  to 
May  1965.  FFA  TN  No.  HF-IO63. 
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Planned  fatigue  research  for  the  near  future. 

a)  The  fatigue  tests  on  lugs  will  be  continued. 

b)  Fatigue  tests  on  specimens  of  aluminium  alloy  7079-T6,  taken  from 
different  forgings. 

c)  Experimental  study  of  riveted  or  bolted  joints  duripg  fatigue  cycling. 

Determination  of  fastener  deflections  and  its  controlling  parameters 
Determination  of  the  fatigue  strength  of  2024-T5  joints  expressed  in 
terms  of  bypassing  stress  and  fastener  bearing  stress.  Constant 
amplitude  tests  will  be  performed  at  a  stress  ratio,  R  -  -0.2. 

A  specimen  with  an  open  drilled  hole  will  be  used  as  a  reference  basis. 

d)  Influence  of  length  of  service  life  and  inspection  intervals  on  probability 
of  complete  failure  of  fail-safe  structure. 

1 .  Theoretical  study  of  variable  inspection  intervals  and  cyclic  inspection 
procedures. 

2.  Experimental  investigation  of  fatigue  life  until  crack  initiation, 

'  ! 

crack  propagation  and  residual  strength  of  wing  panel  under  programme 
loading. 


) 
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Table  2.2.  Rolling  pressure  and  depth  of  the  cold-worked  layer 
of  test,  specimens. 


Steel 

Cr-Mo  steel 
corresponding  to  4150 

; 

Hy-Tuf 

_  __  _ i 

Rolling  pressure  kg 

90 

125 

160 

100 

150 

160 

Depth  of  cold-worked 
layer,  u  mm 

1) 

_  1) 

plain  specimens 

210 

320 

5 

10 

13 

notched  specimens 

140 

150 

10 

15 

20 

Not  measurable 


Table  5.1. 


Loading  programme  for  testing  of  lugs. 


a 

max 


0,87  oL 


oT  ■  stress  corresponding  to  limit  load 


0/0 
'  max 

1 

0 

n 

within  a  block 

0,17 

0,15 

1 

25625  •  a 

0,-54 

0,30 

4250  •  a 

0,57 

0,50 

1219  •  a 

0,80 

0,70 

144  •  a 

1,00 

0,87 

25  •  a 

0,30 

0,70 

144  •  a 

0,57 

0,50 

1219  •  a 

0,34 

0,50 

4250  •  a 

0,17 

0,15 

25625  •  a 

in  within 

a  block 

62501  •  a 

The  value  of  a  was  either  1,  4  or  8  depending  upon 
the  expected  life  time. 


<Jm  kg/mm* 

The  relationship  between  the  stress  amplitude, 

and  the  mean-stress,  a  ,  for  noteched  specimens 

m  2 

Kt  =  1 ,  8,  of  5  %  Cr-steel.  =  1  70  kg/ mm  . 


"  40  -  20  0  20  40  60  80  100 

°m  k9/mm2 

Fig.  1.?.  The  relationship  between  the  etress  amplitude,  o  ,  and  the  mean- 

ft 

stress,  om,  for  plain  and  notched  specimens  of  12  %  Cr-steel. 


CYCLES  TO  FAILURE 


UNNOTCHED  SPECIMENS 
ROLLED  AND  NOT  ROLLED 


Fig.  4.  2.  The  relationship  between  stress  amplitude,  a  ,  and 

cL 

the  mean- stress,  cr^ ,  for  riveted  joint  shown  in  Fig.  4.  1. 
The  stresses  are  referred  to  the  gross  area. 


Fig.  4.3.  Loading  diagramme.  .  Programme  A. 

Programme  B  equal  to  A.  but  the  lower  stress  limit  is 
constant  and  equal  to  zero. 
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TEST  RESULTS  FOR 
□  PROGRAMME  A 


(CL _ )  '  •  L=  CONST. 


CALCULATED  FOR  j 
PROGRAMME  A  AND  B 


103  2-103 


5*10  10 


HOURS  OF  FLIGHT 


Fig.  4.4.  Relationship  between  or  and  the  life  time  for  a 

max 

riveted  joint  according  to  Fig.  4.  1 . 


SUB 


1  = 


Fig.  5.1.  Variation  in  hole  diameter. 

a.  The  ball  is  pressed  through  the  hole  from  side  I. 

b.  The  ball  is  pressed  ,h rough  the  hole  from  both  sides 
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95  mm 
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i 

• 
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LOADING 
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MATERIAL: 
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Oversize 
of  the  ball 

Permanent 
expansion 
of  the  hole 

* 

Number  of  lugs  tested 

Material  thickness  removed  by  reaming 
mm 

0 

.02 

.12 

1.2 

0.6 

n 

- 

- 

1.7 

1.1 

r  _  _  ~i 

4  +  4  M 

2.5 

1 .8 

m 

- 

indicate  that  the  bolt  was  coated  with  Molycote. 

/ 

Fig.  5.2.  Dimensions  of  test  specimen  and  investigated  combinations  of 
cold-working  and  other  treatments. 

Clearance  between  pin  and  hole:  .02  mm. 


30 

a 

kg/mm2 
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OF  H0LE9*  mm. 

.6 

1.1  .02 

1.8  .02 
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1  tfmin-10k9/mm 


NO  h 

I0LE  EXPANS  ON. 

1  Cf  •  »0 
min 

CYCLES  TO  FAILURE 

Fig.  5.  3.  Influence  of  expanded  holes  on  the  fatigue  strength  of  lugs. 
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Fig.  5.4.  Dimensions  of  testspecimen. 
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15 
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8 

N 

10*  2  *10*  5*10P  107  CYCLES  TO  FAILURE  101 

Fig.  5.  5.  Relationships  between  a  and  total  number  of  cycles 

mix 

to  failure  for  lugs  according  to  Fig.  5.  4. 
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Fig.  5.6.  The  relationship  between  residual  strength  and  area 
_ reduction  for  lugs  according  to  Fio. _ 5 _ 4 _ 
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1 .  INVESTIGATIONS  ON  MATERIALS 


1 . 1  Silver-containing  Al-Zn-Mg  alloys 


The  investigation  of  the  influence  of  additions  of 
0.3  w t.$  silver  on  the  fatigue  properties  of  the  low-copper 
(0.45$)  and  high-copper  (1.2$)  versions  of  the  aluminium- 
zinc-magnesium  plate  material  D.T.D.  5060A  has  been  continued. 

A  summary  of  the  most  recent  tests,  on  specimens  taken  from  the 
longitudinal  direction  of  the  plates,  is  given  in  the  following 
table . 


Prope rties 


L  Elongation($ ) 
E 


P  Unnotched  ( psi ) 


'  L'ri  1  ) 

|ii>’  <■  ■■  r  I  i  Ml 


LTD  5 060 A 

(0.45$  Cu) 

DTD  5060A 

(1.2$  Cu) 

No  Silver 

+0.3$  Ag 

No  Silver 

+0.3$  Ag 

68,800 

69,300 

72,500 

74,000 

76,400 

77,900 

81 ,900 

83,400 

13 

13 

12.5 

13 

1 

,  t  n  ,0 

!  |  1  ,  OUU  )  ■: 

I 

1  -  1  ;  1  !H'  I  i 

25 ,  non 
i  IVioii) 

25,000 
\  !7,ooo) 

M  ,  !  ii  )'  ) 

III,  III  Ml 

H ,  hi  it  i 

1  j  j  hut)  ) 

1  j  ,hUU  } 

17, h“") 

(7,hOO) 

x  figuren  it,  purer.  Wiescy  urn  the  nluirfc  tt-mirivc pyri  |h-nphH;l*»h. 

Although  the  fatigue  strengths  of  unnotched  specimens 
taken  from  the  longitudinal  direction  are  significantly  greater 
than  those  taken  from  the  short  transverse  direction,  there  are 
only  small  differences  in  the  fatigue  strengths  of  notched 
specimens  taken  from  the  two  directions. 

1 # p  Relationship  between  fatigue  behaviour  and  aged  structure 
A  study  is  being  made  of  the  fatigue  processes  in 
precipitation  hardenable  alloys  in  an  attempt  to  optimise  their 
metallurgical  structure  and  fatigue  behaviour.  Two  aspects  are 
being  investigated  : 
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(i)  the  effect  of  aged  structure  on  fatigue  strength; 

(ii)  the  effects  of  fatigue  deformation  on  the  aged 

structure . 

Unnotched  fatigue  tests  have  been  made  on  the  ternary 
and  commercial  variants  of  RR.58  and  2L.65  aged  to  give 
particular  structures.  For  the  ternary  alloys  the  zone  structure 
resulted  in  the  highest  fatigue  strength,  the  formation  of 
intermediate  and  equilibrium  precipitates  being  associated 
with  progressively  lower  fatigue  strengths.  For  the  commercial 
alloys  the  zone  and  intermediate  precipitate  structures 
produced  equally  high  fatigue  strengths,  but  inferior  properties 
were  found  in  the  overaged  condition. 

Surface  deformation  and  fracture  modes  have  been 
correlated  with  the  fatigue  properties  and  there  are  strong 
indications  that  slip  band  or  shear  mode  fatigue  is  a  slow 
fracturing  process  relative  to  the  tensile  mode  fatigue  fracture 
process.  This  has  led  to  current  experiments  involving  specimens 
.in  which  a  gradation  in  structure  has  been  produced  across 
the  section,  in  such  a  way  that  the  structure  at  the  surface 
should  have  the  maximum  resistance  to  crack  initiation  and  that 
in  the  interior  maximum  resistance  to  crack  propagation. 

Thin  foil  electron  microscopy  is  also  being  carried  out 
to  establish,  in  more  detail,  the  behaviour  of  the  precipitates 
under  the  various  fatigue  deformation  modes. 

1 . 3  The  S/N  curve  discontinuity  phenomenon 

A  review  of  published  work  on  this  subject,  supplemented 
by  optical  and  electron  microscopic  examination  of  the  fracture 
surfaces,  has  been  completed  (ref.l).  Evidence  has  been  found 
that  the  phenomenon  is  associated  with  differences  in  the 
mechanism  of  either  fatigue  crack  initiation  or  propagation 
or  both  at  different  stress  levels. 

The  discontinuity  is  apparent,  to  a  marked  degree,  in 
S/N  curves  resulting  from  a  rotating  cantilever  fatigue 
investigation  on  a  number  of  cast,  medium  strength  silver- 
containing  aluminium  alloys.' 
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1 . 4  Axial  load  fatigue  properties  of  extruded  aluminium 
alloy a 

The  investigation  to  determine  comprehensive  axial 
load  fatigue  data  on  7178-T6  aluminium  alloy  has  now  been 
completed.  It  has  involved  a  total  of  over  600  specimens 
tested  under  four  tensile  mean  stresses  (0,  12.5*  25  and  50$ 
U.T.S.)  and  five  different  notch  severities  (K^  =  1.6,  3.3, 

5.2,  7.3  and  10).  More  recent  results  support  those  reported 
in  the  last  I.C.A.F.  Review  (ref. 2)  in  showing  that,  under 
tensile  mean  stress  conditions,  notches  can  cause  serious 
reductions  in  fatigue  strength  -  much  more  so  than  under  zero 
mean  stress  conditions.  For  example,  at  mean  stresses  of 
+12,500  and  +25,000  p.s.i.,  the  numerical  values  of  K« 
exceeded  the  relevant  values  of  in  all  cases.  For  a  notch 
of  =  5.2,  under  a  mean  stress  of  25,000  p.s.i.  the  value 
of  Kj,  exceeded  ten,  while  for  the  sharp  notch  it  exceeded  30. 

No  systematic  correlation  was  found  between  the  coefficient  of 
variation  of  endurance  and  either  the  mean  or  alternating 
stresses.  However,  it  was  found  that  the  coefficient  of 
variation  increased  almost  linearly  with  mean  endurance, 
irrespective  of  mean  stress  and  notch  severity. 

A  similar  investigation  on  2L.65  aluminium  alloy  is 
nearing  completion.  For  this  alloy  the  absolute  fatigue 
strengths  in  the  unnotched  conditions  and  for  the  notch  of 
=  1.5  are  significantly  less  than  for  the  7178-T6  alloy, 
however  for  the  other  notches  invesigated  there  appears  to 
be  little  difference  in  the  fatigue  strengths  of  the  two  'alloys. 
The  analysis  of  the  data  is  not  to  the  stage  where  any  other 
comparisons  are  possible. 

Unnotched  fatigue  tests  on  2024-T4  aluminium  alloy, 
the  first  phase  of  the  investigation  on  this  material,  are  now 
in  progress. 

1 • 5  Batch  to  batch  variation 

Bleven  different  batch's  of  2L.65  aluminium  alloy  have 

been  manufactured  into  unnotched  and  notched  (K,  values  of 

t 

about  2  and  4)  rotating  cantilever  specimens.  The  determination 
of  each  S/N  curve  will  involve  approximately  50  specimens. 
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It  is  hoped  to  be  able  to  isolate  some  of  the  sources  of 
variability  of  fatigue  properties  and  behaviour  between  batches 
of  the  same  alloy. 

1 . 6  Statistical  properties  of  fatigue  data 

A  survey  of  data  on  the  variability  in  fatigue  life 
of  notched  specimens  and  aluminium  alloy  structures  has  been 
carried  out.  This  has  enabled  a  comparison  to  be  made  of  the 
standard  deviation  of  the  log-life  under  various  types  of 
loading  sequences  and  under  service  conditions.  The  general 
conclusions  are  that  : 

(i)  there  is  a  significant  difference  in  variance 
under  different  types  of  load  histories; 

(ii)  there  is  a  difference  between  the  variance  of 
notched  specimens  and  structures  under  similar 
stress  histories; 

(iii)  although  litxle  data  are  available,  there  is  an 
indication  that  the  variance  for  service  failures 

is  significantly  less  than  that  obtained  in  relevant 
laboratory  tests. 

An  investigation  has  now  commenced  into  the  probability 
distribution  and  variance  of  fatigue  data  under  both  constant 
amplitude  and  random  loading  sequences.  The  project  involves 
the  testing  of  a  total  of  over  1000  notched  specimens  (K^.  *  3.1) 
of  2L.65  aluminium  alloy  at  a  mean  stress  of  12,500  p.s.i. 

It  is  intended  to  examine  theories  for  predicting  the  life 
distribution  under  programme  and  random  loading  from  that  under 
constant  amplitude  cycling. 

1 . 7  Cumulative  damage 

A  survey  of  the  subject  of  cumulative  fatigue  damage 
is  being  made  and  the  concepts  of  cumulative  damage  examined. 

A  cumulative  damage  model  has  been  enunciated  having  the 
damage  capacity  of  a  specimen  or  population  defined  by  a 
single  parameter.  This  model  leads,  in  general,  to  a  non- 
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linear  cumulative  damage  theory  though  degenerating  to  the 
Palmgren-Miner  linear  hypothesis  in  some  restricted  and 
infrequent  cases.  It  has  been  applied  to  predicting  life 
distributions  for  two  and  three  load  level  programme  tests  (ref. 3). 

2.  FATIGUE  OF  JOINTS 
2 . 1  Pin  .joints 

The  investigation  on  2024  aluminium  alloy  pin  joint 
specimens  under  axial  loading  at  R  *  +0.1,  reported  in  the  last 
Review  (ref. 2),'  has  been  extended  to  cover  tests  on  2u.65  aluminium 
alloy.  Similar  results  have  been  obtained  in  that  an  0.010  inch 
expansion  on  the  0.375  inch  diameter  hole  has  resulted  in  at 
least  a  100  times  increase  in  endurance. 

In  order  to  evaluate  the  influence  of  cyclic  pre-stressing 
on  subsequent  fatigue  endurance,  a  series  of  two  load  level  tests 
was  made  on  specimens  with  'as  reamed'  holes.  These  were  fatigue 
tested  to  different  percentages  of  their  mean  endurances  to 
failure  at  one  stress  level  and  then  cycled  to  failure  at  either 
higher  or  lower  stress  levels.  The  results  to  date  indicate 
that  cyclic  pre-stressing  of  up  to  25$  of  the  mean  failure 
endurance  has  no  influence  on  the  subsequent  endurance  at  lower 
or  higher  alternating  stresses. 

2.2  Riveted  joints 

i  ■  1 1 1  ■  i  i  iky. 

A  series  of  fatigue  tests,  under  both  constant  amplitude 
and  programme  loading,  has  been  carried  out  on  small  double  row 
countersunk  head  riveted  joints  in  2024  alclad  sheet.  As  a 
result  of  a  number  of  failures  in  the  pin  joint  within  the  'grip' 
ortion  of  specimens  tested  under  programme  loading,  an 
investigation  was  made  into  the  feasibility  of  several  methods 
for  increasing  the  fatigue  strength  of  the  end  portions, 
including  the  bonding  on  of  steel  plates  and  expanding  the 
hole  by  cold  working.  Initial  tests  have  shown  that  both  methods 
increase  the  fatigue  strength  of  the  ends  by  a  sufficient  margin 
to  consistently  result  in  failure  along  the  rivet  lines. 
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2.3  Welded  S.A.E.  4130  Cr-Mo  steel  tubing 

The  main  phase  of  this  investigation,  to  determine 
basic  information  on  the  axial  load  fatigue  properties  of  welded 
Cr-Mo  steel  tubing  heat  treated  after  welding  to  a  U.T.S.  of 
180,000  p.s.i.,  is  now  in  progress.  It  is  apparent  that  the 
fatigue  strength  of  the  welded  tube  is  low,  the  estimated 
fatigue  limits  (at  5  x  10^  cycles)  for  the  three  mean  stresses 
employed  being  : 

Mean  stress  zero  :  fatigue  limit  9,000  p.s.i. 

Mean  stress  20,000  p.s.i.  :  fatigue  limit  7,000  p.s.i. 

Mean  stress  40,000  p.s.i.  :  fatigue  limit  5,000  p.s.i. 

It  is  significant  that  one  aircraft  featuring  a  welded 

tubular  steel  structure  was  recently  scrapped  following  the 
discovery  of  a  large  crack  in  the  lower  spar  boom.  The  crack 
was  well  outside  repair  limits  and  the  operator  decided  that 
the  extensive  re-build  necessary  was  not  warranted. 

2 . 4  Skin-spar  boom  fastening  methods 

Basic  S/N  curves,  at  tensile  mean  stresses  of  4,000 
and  10,000  p.s.i.  have  been  determined  from  tests  on  full-size 
section  spar  boom  specimens  with  'skin'  fastened  b /  means  of 
either  Parker-Kalon  (P-K)  self-tapping  screws  or  by  pinned 
Chobert  blind  rivets.  Some  fatigue  tests  have  also  been  made  on 
'drilled'  specimens,  i.e.  Chobert  rivet  type  specimens  in  which 
the  holes  were  unfilled. 

Initial  indications  were  that  the  P-K  screw  method 
of  fastening  resulted  in  longer  endurances  than  those  resulting 
from  the  Chobert  rivet  type  fasteners,,  but  later  tests  on 
specimens  with  over-size  P-K  screws  suggest  that  the  difference 
may,  in  part  at  least,  be  associated  with  a  smaller  edge- 
fastener  distance  in  the  case  of  the  riveted  specimens.  There 
appears  to  be  no  significant  difference  between  the  fatigue 
strength  of  the  'drilled'  specimens  and  the  Chobert  rivet 
specimens.  As  reported  previously,  in  several  cases  the 
Chobert  rivets  were  observed  to  loosen  and  pull  out  under  the 
repeated  loading  of  the  boom  section. 
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3.  FATIGUE  OF  COMPONENTS  AND  STRUCTURES 

3 . 1  Airworthiness  fatigue  test  of  DH.104  'Dove1  mainplane 

The  five  load  range  programme  load  fatigue  test  on  this 
structure,  referred  to  in  previous  Reviews,  has  now  been 
completed.  Following  a  recalibration  to  correct  for  the  greater 
stiffness  of  the  modified  centre-section  booms,  the  report  on 
the  booms  is  being  drafted. 

Two  modified  'Drover'  centre  section  spar  booms 
were  also  tested  in  the  'Dove'  rig.  The  results  have  been  used 
to  set  a  mandatory  retirement  life  on  these  booms  in  service. 

3 . 2  Fatigue  investigation  of  DH.115  ‘Vampire'  wings 

The  comprehensive  investigation  on  'Vampire1  wings, 
which  was  partly  reported  at  the  4th  I.C.A.F.  Symposium  at 
Munich  (ref. 4),  has  now  been  completed  and  the  final  report  is 
being  drafted. 

A  comparison  of  tests  under  the  six  load  range 
programme  sequence  and  under  a  random  load  sequence  indicated 
that  the  tvpe  of  sequence  had  no  significant  effect  on  either 
the  mean  fatigue  Life  or  the  types  of  fatigue  failure  which 
developed . 

3 . 3  Fatigue  investigation  of  Cessna  180  mainplane 

The  six  load  range  programme  load  fatigue  investigation, 
carried  out  on  two  wings  of  this  type  of  aircraft,  has  been 
completed.  It  has  enabled  safe  lives  to  be  estimated  for  the 
Cessna  180  when  operating  in  three  different  roles  -  civil 
charter,  agricultural  and  army  reconnaissance,  and  has  provided 
data  on  crack  propagation  rates  and  the  residual  strength  of  a 
typical  light  aircraft  wing  structure. 

In  conjunction  with  the  Defence  Standards  laboratories. 
(D.3.L.)  an  X-ray  inspection  technique  was  developed  to  detect 
failures  in  the  critical  regions  of  the  structure  (ref. 5). 

The  fatigue  cracks,  which  developed  during  initial  testing  to 
an  advanced  stage,  were  subsequently  extended  by  saw  cuts. 
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After  further  fatigue  cycling  the  structure  withstood  proof 
load,  thus  satisfying  the  B.C.A.R.  requirement  for  'fail¬ 
safe'.  By  applying  the  fail-safe  principle  and  adopting  the 
recommendedinspection  procedure  a  considerable  extension  in 
life  is  possible. 

The  rear  spar  failure  which  had  occurred  in  service 
under  agricultural  operations  did  not  appear  in  the  laboratory 
tests.  Strain  measurements  taken  both  in  the  rig  and  in 
flight  confirmed  predictions  that  this  particular  failure  could 
result  from  dynamic  loads  produced  during  landing  and  taxying 
on  unprepared  runways  (ref. 6).  These  loads  had  not  been 
included  in  the  test  spectrum. 

3 . 4  Fatigue  investigation  of  the  Mirage  IIIO 

A  preliminary  fatigue  analysis  of  the  structure  of 
the  Mirage  III,  based  on  conditions  representative  of  R.A.A.F. 
operations,  indicated  that  in  some  areas  of  the  structure  the 
fatigue-life  may  be  inadequate.  It  has  been  proposed  that  an 
airframe  be  instrumented,  during  fabrication,  with  both  electric 
resistance  strain  gauges  and  temperature  sensors;  and  that 
this  particular  aircraft  be  subjected  to  a  flight  programme 
whereby  the  temperature  and  strain  spectra  of  the  structure 
can  be  determined. 

4.  RELIABILITY  AND  RESIDUAL  STRENGTH 
4 •  1  Reliability  study 

In  earlier  work  carried  out  in  association  with 
Professor  Freudenthal  of  Columbia  University,  it  was  proposed 
that  the  acceptable  life  under  fatigue  loading  could  be  defined 
as  the  life  at  which  the  risk  of  fatigue  failure  became  equal 
to  the  risk  of  ultimate  failure.  This  is  a  quantitative 
criterion  which  embraces  both  the  fail-safe  and  safe-life 
philosophies  and  is  capable  of  extension  to  other  mechanisms 
of  progressive  deterioration  such  as  creep  (ref. 7).  This 
approach  requires,  however,  that  the  risk  of  failure  be  predicted 
as  a  function  of  the  life.  Representative  crack  propagation 
and  residual  strength  data  from  structures  tested  in  fatigue 
arc  being  utilized  in  order  to  investigate  the  correlation 
between  the  various  parameters  involved. 
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4.2  Residual  strength  investigations 

Residual  strength  tests  have  been  conducted  on  four 
'Vampire'  wings  all  of  which  had  the  same  amount  of  prior 
damage  resulting  from  the  development  of  fatigue  failures. 

The  redistribution  of  tensile  load  around  the  failures  involved 
multiple  redundancies  and  it  was  considered  that  the  data  was, 
therefore,  reasonably  representative  of  the  redundant  type  of 
construction.  The  coefficient  of  variation  of  the  failing 
load  was  4.2$,  which  is  consistent  with  representative 
values  for  ultimate  strength  of  undamaged  structures.  These 
results  provide  some  valuable  data  on  the  variability  in  strength 
of  structures  cracked  to  the  same  extent,  information  which 
is  essential  for  the  reliability  approach  to  airworthiness. 

As  indicated  in  section  3.3,  the  test  on  the  Cessna  180 
majnplane  also  provided  further  information  on  the  residual 
strength  of  cracked  structures. 

5.  KINETIC  HEATING 

5 . 1  Heat  transfer  in  a  fabricated  structure 

Some  consideration  has  been  given  to  predicting  the 
temperature  distribution  'in  a  fabricated  structure  subjected 
to  transient  heating  and  cooling.  An  electrical  analogue  has 
been  used  to  investigate  the  heat  conduction  problem  in  a 
skin-spar  web  assembly. 

A  research  project  is  now  current  on  the  question  of 
heat  diffusion  by  convection.  This  includes  a  theoretical 
study  of  convective  heat  transfer  in  a  closed  cell  with  heat 
absorbing  walls,  the  upper  and  lower  surfaces  of  the  cell  being 
maintained  at  a  steady  temperature.  A  thermodynamically 
similar  model,  using  a  suitable  fluid  in  a  rectangular  cell, 
has  been  designed  to  experimentally  investigate  the  theoretical 
analysis. 
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5 . 2  Investigations  of  shear  webs  under  transient  heating 

An  investigation  has  commenced  on  the  relative 
efficiency  of  seven  different  types  of  aluminium  alloy  shear  webs 
.in  box  beams  subjected  to  transient  heating  and  cooling 
conditions.  In  the  first  stage  of  the  investigation  a  plain 
web,  a  corrugated  web  and  a  web  with  lightening  holes  will  be 
used.  The  programme  includes  shear  loading  at  room  temperature 
and  under  a  temperature  cycle  from  room  to  130°G.  The 
specimens  will  be  instrumented  with  electric  resistance 
strain  gauges,  temperature  sensors  and  displacement  transducers, 
and  the  web  stresses  and  structural  deflections  compared  with 
values  predicted  by  theory.  In  initial  tests  the  principal 
stresses  obtained  showed  good  agreement  with  those  which  were 
predicted . 

6.  FLIGHT  LOADS 

6. 1  Regular  public  transport  aircraft 

The  effects  of  route,  altitude  and  time  of  year  on 
the  flight  loads  experienced  by  a  type  of  regular  civil  transport 
aircraft  have  been  investigated  (ref. 8). 

The  N.A.S.A.  V-g-H  Recorder  is  to  be  fitted  to  two  of 
the  Douglas  DC-9  aircraft  recently  introduced  on  the  Australian 
domestic  services,  following  the  successful  programme  of 
recording  which  involved  the  Boeing  727. 

6 . 2  Agricultural  and  other  light  aircraft 

A  considerable  amount  of  data  have  been  collected 
from  light  aircraft  in  a  variety  of  operational  roles. 

Although  a  general  body  of  usable  gust  load  data  for  such 
operations  as  private,  charter,  flying  training,  and  aerial 
survey  are  not  yet  available,  in  several  cases  valuable 
results  have  been  obtained  for  specific  aircraft. 

As  part  of  the  Australian  attack  on  the  fatigue 
problem  in  agricultural  aircraft,  flight  load  data  have  been 
obtained  for  four  aircraft  types,  including  two  manufactured 
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in  Australia  (refs. 9-1 3).  In  one  investigation  it  was 
subsequently  shown  that  the  frequent  landings,  occurring  at  five 
or  six  minute  intervals,  caused  a  very  great  reduction  in 
fatigue  life.  In  another  study  (ref.11),  seven  different 
pilots  flew  the  same  aircraft  on  nominally  identical  missions, 
but  a  large  variation  occurred  in  the  frequency  of  loads  of 
a  given  severity.  As  a  result  of  these  investigations,  some 
suggested  criteria  for  airworthiness  have  been  proposed. 

6 . 3  Military  aircraft 

Flight  load  data  have  been  collected  from  Australian 
'Sabre'  fighter  aircraft  and  from  1 Winjeel'  primary  trainers, 
and  safe  life  predictions  made  for  critical  regions  of  these 
ai rcraf t . 

6 . 4  Atmospheric  turbulence 

Australia  is  interested  in  the  basic  study  of 
atmospheric  turbulence,  and  particularly  in  clear  air  high 
altitude  turbulence.  Analysis  of  the  experimental  project  - 
'TOFCAT'  -  which  was  carried  out  in  1963  is  continuing 
(ref s . 1 4-15 ) . 

In  1966  Australia  collaborated  with  the  United 
States  in  a  project  -  'HICAT'  -  in  which  a  U2  aircraft  searched 
for  turbulence  in  the  jet  stream  over  Australia,  at  altitudes 
of  from  50,000  to  70,000  feet.  Turbulence  was  encountered  on 
numerous  occasions,  and  once  at  67,000  feet  it  was  so 
extensive  and  so  severe  that  the  U2  pilot  was  on  the  point  of 
taking  avoiding  action.  Australia  has  arranged  with  the 
United  States  to  participate  in  the  analysis  of  the  results  on 
aspects  in  which  we  are  particularly  interested. 

6 . 5  Instrumentation 

A  study  has  been  made  of  the  precision  and  constancy  of 
fatigue  meters  (ref. 16).  The  variability  included  drifts  of 
the  threshold  levels  from  one  calibration  to  the  next,  and 
'fuzziness'  of  the  thresholds.  As  these  appeared  to  be 
functions  of  time,  it  was  recommended  that  meters  be  recalibrated 
at  six  monthly  intervals. 
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An  Australian  civil  transport  aircraft  is  being  used 
to  test  a  memory  gust  recorder  which  has  been  developed  in 
Canada.  When  activated  above  a  selected  threshold  (by,  for 
example  an  acceleration),  the  instrument  will  record  the  time 
history  of  several  input  signals  from  two  minutes  before  the 
event  until  two  minutes  after  or  longer  if  the  disturbance 
persists. 

The  instrumentation  necessary  for  the  magnetic  tape 
flight  data -recording  system,  briefly  referred  to  in  the  last 
Australian  review,  has  now  been  procured  and  Used  for  some 
preliminary  trials.  The  equipment  has  the  capacity,  with  time 
multiplexing,  for  recording  some  hundreds  of  input  channels  of 
data.  Consideration  is  being  given  to  data  conversion  to 
digital  form  before  recording  as  a  means  of  avoiding 
unnecessary  degradation  of  the  information  in  recording  and 
re  play . 

7.  FATIGUE  LIFE  ASSESSMENT 

During  the  past  two  years  the  Aeronautical  Research 
Laboratories  and  the  Commonwealth  Aircraft  Corporation 
Pty.  Ltd.  have  conjointly  investigated  the  fatigue  life  of 
several  military  aircraft,  including  the  'Sabre',  'Neptune' 
and  'Hercules'  operating  under  local  service  conditions. 

8.  FATIGUE  PROBLEMS  IN  SERVICE 

- 1 - 

8 . 1  Fatigue  of  light  aircraft 

The  problem  of  the  fatigue  substantiation  of  light 
aircraft  continues  to  cause  a  great  deal  of  concern  to  the 
Australian  D.C.A.  There  are  a  large  number  of  such  aircraft 
operating  in  Australia  which  were  not  subjected  to  any  real 
fatigue  justification  during  their  initial  certification. 

In  addition  some  of  these  aircraft  are  being  utilized  in 
roles  for  which  they  were  not  basically  designed  and  are 
accumulating  'hours'  at  a  rapid  rate. 
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8 . 2  Aircraft  control  cables 

The  significance  of  the  wear  and  fatigue  problem 
in  control  cables  was  recently  highlighted  by  the  failure  of 
a  'Chipmunk'  rudder  cable  during  a  spin.  The  cable  was 
found  to  be  badly  worn,  with  a  pre-existing  failure  of  the 
heart  strand.  '  A  survey  report,  supplemented  by  static  tests 
made  at  the  Aeronautical  Research  Laboratories,  is  being 
prepared . 

8.3  1  Sabre  1 

Fatigue  failures  have  occurred  in  several  areas  of 
the  'Sabre',  including  the  main  landing  gear  retraction 
cylinder  support  casting  and  eye  bolt,  resulting  in  the 
redesign  of  the  defective  parts.  Fatigue  cracks  have  also 
been  detected  in  the  unmodified  centre  section  to  outer 
wing  joint  structure,  thus  confirming  American  findings.  This 
section  is  being  rebuilt  according  to  a  manufacturer's 
modification. 

8 . 4  Economic  aspects 

Airline  operators  are  becoming  increasingly  sensitive 
to  the  quite  severe  economic  penalties  imposed  by  the  sudden 
appearance  of  unexpected  major  fatigue  cracks,  stress  corrosion 
defects,  etc.  The  urgent  fleet-wide  inspections,  followed 
by  frequent  repetitive  inspections  and  possibly  replacement  or 
modification  action,  result  in  major  disruptions  to  maintenance 
scheduling  and  availability  of  aircraft.  The  increasing 
seriousness  of  this  aspect  of  fatigue  is  reflected  in  the 
steadi ly  increasing  number  of  cases  where  operators  request 
an  increase  in  a  certain  inspection  interval  or  a  short 
'over-run'  of  a  component  retirement  .Life  in  order  to  meet 
operational,  exigencies  or  to  fit  in  wi.th  changed  maintenance 
schedules.  It  is  believed  that  airline  operators  will  soon  be 
requiring  that  manufacturers  give  a  very  convincing  proof  of 
a  Long  crack-free  life,  and  that  this  in  itself  may  well 
Lead  to  an  increasing  use  of  full-scale  fatigue  testing  of 
airframes  and  major  components  for  both  heavy  and  light  aircraft 
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9.  MISCELLANEOUS,  EQUIPMENT,  TESTING  TECHNIQUES,  ETC. 

9 . 1  Bibliography  on  the  Fatigue  of  Materiala,  Components 
and  Structures 

The  manuscript  of  this  work,  covering  published  work 
on  the  subject  up  to  and  including  the  year  1950,  is  now 
complete  and  has  been  submitted  to  the  Royal  Aeronautical 
Society.  It  lists  4080  references  and  contains  comprehensive 
subject  and  author  indexes. 

9 . 2  Random  noise  fatigue  machine 

The  development  of  this  machine  is  now  almost 
complete,  and  preliminary  tests  under  both  constant  amplitude 
cycling  and  a  random  noise  sequence  have  been  carried  out. 

The  alternating  load  is  applied  by  an  electro-magnetic  vibrator 
coupled  to  the  specimen  through  piezo-electric  crystals  which 
provide  both  load  measurement  and  control.  The  other  end  of 
the  specimen  is  connected  to  a  seismic  mass,  thus  eliminating 
resonances  which  would  bp  introduced  by  a  rigid  machine 
frame.  Frequency  of  cycling  is  180  c.p.s. 

9 . 3  Rate  of  initial  loading  in  fatigue  tests 

Rotating  cantilever  tests  have  been  carried  out  on 
unnotched  and  notched  (K^  =  1.5  and  10)  specimens  made  from 
2024  aluminium  alloy  extruded  bar.  In  each  case  initial  rates 
of  loading  of  1b  and  560  p.s.i.  per  cycle  were  used.  It  was 
found  that  in  general,  at  a  particular  stress  level,  the 
initial  rate  of  loading  caused  no  significant  differences  in 
the  endurances  to  failure. 

10.  PROPOSED  FATIGUE  RESEARCH 
10. 1  Crack  propagation 

In  connection  with  the  study  of  cumulative  damage, 
an  analogy  has  been  drawn  between  damage  and  fatigue  crack 
size.  A  proposed  programme  of  further  work,  following  from 
that  referred  to  in  the  last  Review,  envisages  tests  on  large 
prismatic  material  specimens  and  on  actual  structual  components 
removed  from  aircraft  in  service.  Some  of  the  latter  would 
be  expected  to  contain  small  fatigue  cracks. 
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10.2  Overheating  of  Al-Zn-Mg  alloys  during  aolution 
treatment 

Evidence  of  'overheating'  has  been  observed  in  some 
failed  components  submitted  for  examination,  and  doubts  have 
been  expressed  as  to  whether  or  not  it  could  significantly 
influence  fatigue  properties.  Some  preliminary  metallographic 
work  and  tensile  testing  has  been  carried  out  on  specimens 
of  D.T.D.  683  aluminium  alloy  extruded  bar,  solution  treated 
at  up  to  100°C  above  the  Specification  limits.  Blanks 
for  fatigue  specimens  are  being  solution  treated  at  the 
Specification  temperature  (465°C)  and  at  495,  525  and  555°C. 

10.3  Directionality  effects  in  aluminium  alloy  bar 
It  is  proposed  to  investigate  the  fracture 

characteristics  and  endurance  of  specimens  cut  from  three 
directions,  relative  to  the  direction  of  extrusion,  in  2024 
aluminium  alloy  rectangular  section  extruded  bar.  Both 
unnotched  and  notched  fatigue  tests  will  be  included  in  this 
investigation. 

10.4  Kinetic  heating  of  full-scale  structures 
Consideration  is  being  given  to  an  investigation 

involving  the  repeated  loading,  concurrent  with  thermal 
cycling  at‘ moderate  heating  and  cooling  rates,  of  an  aluminium 
alloy  aircraft  structure.  These  tests,  which  may  involve 
'Mustang'  wings,  will  provide  background  information  on  the 
behaviour  of  such  structures  under  kinetic  heating  conditions 
and  allow  a  direct  comparison  with  the  behaviour  of  the 
particular  structure  at  room  temperature. 

1 1 .  ACKNOWLEDGEMENTS 


The  co-operation  of  the  Department  of  Civil  Aviation, 
the  Australian  aircraft  industry  and  my  colleagues  at  the 
Aeronautical  Research  Laboratories  in  preparing  this  Review 
is  gratefully  acknowledged.  It  is  published  with  the  permission 
of  the  Chief  Scientist,  Department  of  Supply. 


426 


1 2 .  PUBLICATIONS 

12.1  Referred  to  in  the  text 

1 .  Finney,  J.M.  A  review  of  the  discontinuity  or  hump 
phenomenon  in  fatigue  S/N  curves:  theories  and  further 
results.  Dept.  Supply,  Aero.  Res.  Labs.,  Report 
ARL/SM.3H,  March,  1967. 

2.  Mann,  J.Y.  A  review  of  Australian  investigations  on 
aeronautical  fatigue  during  the  period  April  1963  to 
March  1965. 

Dept.  Supply,  Aero.  Res.  Labs.,  Tech.  Memo.  ARL/SM.141, 

May,  1965. 

3.  Hooke,  I'.H.  Some  thoughts  on  cumulative  fatigue  damage 
theory. 

Dept.  Supply,  Aero.  Res.  Labs.,  Report  ARL/SM.315, 

April,  1967. 

4.  Patching,  C.A.  and  Mann,  J.Y.  Comparison  of  an  aluminium 
alloy  structure  with  notched  specimens  under  programme 
and  random  fatigue  loading  sequences. 

Paper  presented  at  the  4th  I.C.A.F.  Symposium,  Munich, 

June,  1965. 

5.  Benoy,  M.B.  and  Baxter,  M.A.  A  radiographic  inspection 
technique  for  Cessna  180  mainplanes. 

Dept.  Supply,  Aero.  Res.  Labs.,  Internal  Tech.  Memo. 

March,  1966. 

6.  Benoy,  M.B.  An  investigation  into  the  fatigue  of 
Cessna  wings  at  the  rear  spar  root  fillet. 

Dept.  Supply,  Aero.  Res.  Labs.,  Internal  Tech.  Memo. 

Dec . ,  1966. 

7.  Payne,  A.O.  Reliability  approach  to  structural 
airworthiness. 

Aircraft,  vol.  45,  no.  1,  Oct.,  1965,  pp. 16-20. 

8.  Visick,  J.  Variability  of  flight  loads  on  'Viscount* 
aircraft  as  affected  by  route,  month  and  altitude. 

Dept.  Supply,  Aero.  Res.  Labs.,  Report  ARL/SM.308, 

Nov. ,  1 965 . 

9.  Patterson,  A.K.  Estimation  of  response  parameters  and 
confidence  intervals  in  flight  testing,  with  application 
to  experiments  on  a  'Beaver*  aircraft. 

Dept.  Supply,  Aero.  Res.  Labs.,  Report  ARL/SM.309, 

Nov.,  1965. 

Visick,  J.  Loading  actions  on  a  'Prospector'  agricultural 
aircraft. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/SM.309,  Aug.,  1966. 


10. 


1 


427 


If.  Foden,  P.J.  Flight  load  spectra  for  'Beaver'  aircraft 
on  agricultural  operations. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/SM.312,  Sept.,  1966. 

12.  Poden,  P.J.  Mean  life  estimates  for  wing  strut  of 
'Beaver'  aircraft  on  agricultural  operations. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/SM.316, 

April,  1967. 

13.  Trayford,  R.S.  Plight  load  spectra  and  strain  prediction 
equations  for  'Ceres'  aircraft. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/FL. 41 ,  March,  1967. 

14.  Burns,  A.  and  Rider,  C.K.  Project  Topcat  -  power  spectral 
measurements  of  clear  air  turbulence  in  jet  streams. 

R.A.E.  Tech.  Rep.  no.  65210,  Sept.,  1965. 

15-  Morgan,  T.D.  and  Rider,  C.K.  Report  on  the  conduct  of 

clear  air  turbulence  trials  in  Australia,  July-October,  1963. 
Dept.  Supply,  Weapons  Res.  Estab.,  Report  TRD.18,  Jan.,  1966. 

16.  Nilsson,  J.  An  examination  of  the  precision  and  constancy 
of  fatigue  meters. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/SM.315,  Dec.,  1966. 

12.2  Other  relevant  publications 

1.  Finney,  J.M.  and  Vann,  A.  Axial  load  fatigue  behaviour 
of  7178-T6  aluminium  alloy  notched  specimens  under  three 
different  loading  spectra. 

Dept.  Supply,  Aero.  Res.  Labs.,  Report  ARL/SM.307,  Nov.,  1965. 

2.  Mann,  J.Y.  Fatigue  of  Metals  -  where  it  stands  today. 

Dept.  Supply,  Aero.  Res.  Labs.,  Note  ARL/SM.305,  March,  1966. 

3.  Finney,  J.M.  and  Vann,  A.  Actual  and  predicted  fatigue 
behaviour  of  24  S-T  and  2L.65  aluminium  alloy  notched 
specimens  under  both  symmetric  and  asymmetric  random 
loading  spectra. 

Dept.  Supply,  Aero.  Res.  Labs.,  Report  ARL/SM.313,  Nov.,  1966. 

4.  Mann,  J.Y.  Fatigue  of  Materials  -  an  introductory  text. 
Melbourne  University  Press,  Carlton"^  1967,  pp.  1 55. 


CLOSED  TECHNICAL  MEETING 


MELBOURNE 


May  25  -  26,  1967 


431 


14.1  LIST  OF  PARTICIPANTS  AT  THE  CLOSED  TECHNICAL  MEETING 

The  Closed  Technical  Meeting  was  held  in  the  Theatrette 
of  the  National  Mutual  Centre,  Collins  Street,  Melbourne  on 
25th  -  26th  May,  1967.  It  was  attended  by  the  following 
persons. 

AUSTRALIA 

MANN,  J . Y .  Aeronautical  Research  Laboratories, 

Department  of  Supply,  Melbourne  (A.R.L.) 

AXISA,  R.  Trans-Australia  Airlines,  Melbourne 

FINNEY,  J.M.  A.R.L. 

GORJANICYN,  H.  Commonwealth  Aircraft  Corporation 

Pt.y .  Ltd.,  Melbourne 

GORNALL,  V/.J.  Commonwealth  Aircraft  Corporation 

Pty.  Ltd  ,  Melbourne  ; 

GRAFF,  D.G.  Trans-Australia  Airlines,  Melbourne 

HOOKE,  F.H.  A.R.L. 

HOOPER,  D.R.  Government  Aircraft  Factories, 

Department  of  Supply,  Melbourne 

MACNAUGHTAN,  J.  Department  of  Air,  Canberra 

MILLICER,  H.K.  Victa  Aviation,  Milperra,  N.S.W. 

MILLIGAN,  I.S.  Department  of  Civil  Aviation,  Melbourne 

O'BRIEN,  X.R.A.  Department  of  Civil  Aviation,  Melbourne 

PATCHING,  C . A .  A.R.L. 

PAYNE,  A  .0  .  A.R.L. 

SCOLES,  B.A.J.  Department  of  Civil  Aviation,  Melbourne 
STEVENS,  R.H.  Qantas,  Sydney 

v/OODGATE,  B.G.  Trans-Australia  Airlines,  Melbourne 

FRANCE 

BARROIS,  W.  Service  Technique  de  1 ' Aeronautique , 

Paris 

It 

Laboratorium  fur  Betri ebsf esti gkeit , 
Darmstadt-Eberstadt 

Lufthansa  German  Airlines,  Hamburg- 
Fuhlsbuttel 


GERMANY 

BUXBAUM,  0. 

KRAMER,  D.E. 


432 


NETHERLANDS 
van  BEEK,  E . J 

NEW  ZEALAND 
LABETT,  E.T. 

MILLER,  N.A. 

SWEDEN 

EGG WERTZ ,  S, 

JARFALL,  L.E. 

SWITZERLAND 
BRANGER,  J. 
HUEPPI,  H. 
WEIBEL,  J.P. 

UNITED  KINGDOM 
RIPLEY,  E.L. 

LAMBERT,  J.A.B 
PHILLIPS,  C.E. 

TROUGHTON,  A.J 

UNITED  STATES  OF 
HARDRATH,  H.F. 
DONELY,  P. 
SWANSON,  S.R. 


Royal  Netherlands  Aircraft  Factories 
"Fokker",  Schiphol-Zuid 


v 

Department  of  Civil  Aviation, 

Wellington 

Department  of  Scientific  and  Industrial 
Research,  Petone 


Flytekniska  FBrsBksanstalten  (Aeronaut¬ 
ical  Research  Institute  of  Sweden  - 
FFA),  Bromma 

Flytekniska  Forsoksanstalten,  Bromma 


Eidgenossische  Flugzeugwerk,  Emmen 
Swissair,  Kloten 

Eidgenossische  Flugzeugwerk,  Emmen 


Royal  Aircraft  Establishment, 
Farnborough 

Hawker  Siddeley  Aviation  Ltd.,  Hatfield 

National  Engineering  Laboratory,  East 
Kilbride 

Hawker  Siddeley  Aviation  Ltd.  , 

Woodford 


AMERICA 

NASA  Langley  Research  Centre,  Hampton 
NASA  Langley  Research  Centre,  Hampton 
MTS  Systems  Corp. ,  Minneapolis 


433 


14.2  REVIEW  OF  MUNICH  RESEARCH  RECOMMENDATIONS* 

This  part  of  the  Meeting  was  chaired  by  Mr.  J.  Branger 

1 .  Investigations  on  the  correlation  of  component  test 
results  with  complete  airframe  tests,  as  well  as  the 
correlation  between  fatigue  strength  of  simple  specimens 
and  of  components 

Relevant  investigations  on  complete  structures,  full- 
scale  structural  assemblies  and  components  and  more  simple 
specimens  were  referred  to  in  several  National  Reviews. 
However,  no  additional  data  relating  to  service  experience 
were  presented. 

Several  speakers  expressed  doubts  as  to  whether  tests 
on  pieces  of  structure  could  provide  a  precise  or  even  a  good 
estimate  of  service  life.  In  general  such  tests  indicated 
longer  lives  than  obtained  from  tests  on  a  complete  structure, 
and  were  more  useful  in  providing  qualitative  information 
in  the  design  or  development  stages. 

It  was  also  stressed  that  a  representative  full- 
scale  fatigue  test  is  the  only  way  of  ensuring  where  and  when 
to  inspect  for  cracks  under  service  conditions.  It  was 
stated  that  the  expense  involved  in  a  full-scale  fatigue 
test  could  well  be  much  less  than  that  involved  as  a  result 
of  unnecesssary  maintenance  and  crack  inspection  schedules. 

2.  Investigati ons  on  the  most  suitable  design  of  flight-by- 
flight  tests  (influence  of  the  individual  load  levels 
and  their  frequencies  on  the  test  result) 

There  was  general  agreement  as  to  the  desirability 


*  Refer  to  "Minutes  of  the  Ninth  Conference  of  the  International 
Committee  on  Aeronautical  Fatigue",  part  II,  p.  229. 
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of  flight-by-f light  testing.  Several  Delegates  indicated 
that  future  tests  in  their  countries  would  be  based  on  more 
complex  and  sophisticated  random  loading  sequences  which 
would  closely  approximate  the  desired  flight  load  spectra. 
Others  indicated  that  suitable  testing  equipment  for  this 
purpose  was  being  procured. 

There  was  reluctance,  however,  to  recommend  a 
definite  testing  procedure  applicable  to  all  circumstances 
as  important  deviations  could  depend  upon  the  type  and 
mission  of  the  aircraft. 

3 .  Investigations  on  the  possibilities  of  using  one  or  more 
standardised  load  spectra  for  basic  tests  on  the 
influence  of  materials  and  detail  design 

A  standardised  load  spectrum  for  the  comparative 
testing  of  materials  and  components  has  been  proposed  by 
Germany  (see  DBF  Tech.  Note  TM1 5 ) ,  and  work  is  in  hand  in 
the  U.K.  to  develop  a  standard  programme-load  fatigue  test. 

4.  Statistical  records  containing  data  on  fatigue  life  and 
on  frequency  of  occurrence  of  service  failures  or  cracks 
due  to  fatigue  for  individual  types  of  aircraft; 
comparison  with  fatigue  life  as  predicted  from  laboratory 
tests . 

Current  evidence  still  indicates  that  the  life  in 
service  is  less  than  that  determined  by  a  full-scale 
laboratory  test.  Although,  in  the  early  full-scale  tests, 
with  only  very  simple  loading  programmes,  the  two  differed 
by  a  factor  of  four  or  five;  with  the  current  more  complex 
and  detailed  structural  test  programmes  the  difference  is 
becoming  much  less. 
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5 .  Influence  of  environmental  conditions  on  the  results  of 
fatigue  tests  and  on  the  representativeness  of  testa 
carried  out  in  the  laboratory 

Several  Delegatee  (Netherlands,  U.S.A.)  indicated 
that  relevant  investigations  had  been  referred  to  in  their 
National  Reviews.  It  was  generally  agreed  that  atmospheric 
conditions  were  one  of  the  major  reasons  for  structural 
failures  occurring  earlier  in  service  than  in  the  laboratory 
test,  and  that  they  could  account  for  a  factor  of  at  least 
two.  It  was  suggested  that  full-scale  fatigue  certification 
tests  on  aircraft  should  be  carried  out  in  an  outdoor 
environment  and  that  indoor  laboratory  tests  should  be  used 
for  comparative  testing  only. 

6.  Theoretical  studies  of  the  probability  of  collapse  of 
fail-safe  structures  of  various  designs  and  with 
various  inspection  procedures 

Work  on  the  reliability  of  fail-safe  structures  and 
the  general  reliability  approach  to  airworthiness  is  in 
progress  in  Australia,  Sweden,  U.K.  and  U.S.A. 

7 .  Establishment  of  fatigue  critical  load  cases  for  landing 
gear  and  tail  unit 

It  was  generally  agreed  that,  although  limited 
investigations  on  these  matters  were  in  progress  in  most 
I.C.A.P.  countries,  a  great  deal  more  information  was  needed. 
It  was  also  agreed  that  the  undercarriage  load  case  is  much 
more  complex  than  the  air  loads  case  and  that  it  would  be 
extremely  difficult  to  formulate  a  generalised  load  spectrum 
for  landing  gear  -  the  influence  of  impact,  wheel  spin-up, 
vertical,  side  and  drag  loads,  braking,  taxying,  etc.  are 
dependent,  to  a  large  extent,  on  the  characteristics  and 
response  of  particular  types  of  aircraft. 
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In  general,  the  McBrearty  spectrum  is  used  for 
design  and  for  the  fatigue  test  schedule.  Some  doubts  were 
expressed  as  to  the  adequacy  of  such  a  spectrum  in  view  of 
uncertainties  relating  to  the  manner  in  which  the  different 
types  of  loading  were  actually  combined  in  practice.  Some 
countries  tended  to  use  the  "most  severe"  condition  as  a  basis 
with  the  peak  loads  of  the  spectra  in  each  of  the  three 
directions  (vertical,  drag  and  side)  applied  simultaneously. 
Others  attempted  to  exactly  simulate  the  service  loading 
conditions  determined  by  load  measurements  on  particular 
aircraft.  It  was  pointed  out  that  wide  differences  had 
been  noted  in  operators'  service  experience  with  tyres  and 
brakes,  indicating  large  differences  in  load  environment 
arising  from  operational  practices. 


Evidence  was  presented  by  several  speakers  which 
suggested  that,  in  some  aircraft  types,  fatigue  failures 
in  undercarriages  and  supporting  structure  were  primarily 
associated  with  'rebound'  or  ' springbuck ' . 


'n 
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1  4 . 3  TOPICS  PROPOSED  FOR  DISCUSSION  AT  'THE  MELBOURNE 
MEETING 

This  part  of  the  Meeting  was  chaired  by  Mr.  H„P.  Hardrath 

1  •  Reliability  of  safe-life  estimates 
Problem : 

(a)  The  estimates  which  are  made  of  safe-lives,  and  the 
selection  of  inspection  intervals,  inevitably 
depend  upon  the  input  information  available. 

Some  .is  directly  applicable  to  the  structure  and 
the  load  history  of  the  aircraft  in  question,  but 
much  may  be  derived  from  data  which  are  not 
strictly  relevant.  There  are  uncertainties 
in  actual  stresses,  load  spectra,  reliability  of 
fatigue  test  information,  applicability  of  damage 
hypotheses,  scatter,  etc.  and  thus  the  degree  of 
confidence  in  the  preciseness  of  the  estimated 
lives  could  be  very  low.  How  should  one  handle 
this  problem  in  practice? 

(b)  Insrecti.on  is  necessary  for  both  fail-safe  and 
safe-life  structures  as  one  can  never  anticipate 
all  the  fatigue  critical  parts  in  a  structure. 

How  should  one  vary  the  inspection  intervals 
during  the  life  of  the  aircraft?  Should  sampling 
inspection  be  adopted  for  part  of  but  not  all  of 
the  fleet? 

Discussion : 

It  was  agreed  that  on  most  military  and  small 
aircraft  there  could  be  a  marked  'pilot'  effect  on  the 
load  spectrum  for  a  particular  aircraft.  Also,  that 
for  civil  airliners  both  route  and  seasonal  variations 
could  occur.  For  a  particular  aircraft  it  is  impossible 
to  predict  with  certainty,  from  generalised  data,  its 
actual  load  and/or  stress  history;  and  therefore 
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recording  for  the  entire  life  of  the  aircraft  is 
the  only  way  of  determining  the  individual  history. 

Even  when  an  aircraft's  load  history  is  determined  by 
fitting  a  Fatigue  Meter  or  similar  device,  there  will  still 
remain  uncertainties  in  the  knowledge  of  actual 
stress  levels  at  critical  points  in  the  structure. 
Furthermore,  if  individual  load  monitoring  is  not 
practicable  one  must  consider  sampling  within  the  fleet 
on  a  statistical  basis  with  the  rotation  of  instruments, 
pilots,  routes  and  perhaps  missions.  It  was  agreed 
that  the  safe-life  of  each  individual  structure  could 
not  be  guaranteed  with  any  reasonable  degree  of 
confidence,  even  if  the  individual  load  histories 
were  known,  and  that  regular  inspections  before  the 
estimated  'safe-life'  are  still  essential. 

It  was  stated  that  for  aircraft  of  a  given  class 
eg.  fighters,  the  gust  load  spectrum  of  each  particular 
type,  relative  to  their  ultimate  loads,  was  very 
similar.  Other  evidence  suggested  that  the  load  history 
scatter  factor  of  1.5  for  a  particular  type  of  aircraft, 
as  specified  in  the  British  Av.P,970,  was  reasonable. 

For  a  fleet  of  one  type  of  medium  sized  civil  airliner 
in  service  with  one  operator  it  was  reported  that  the 
scatter  in  load  frequency  was  large  for  a  small  sample 
and,  although  it  decreased  with  increasing  sample 
size  to  a  total  of  over  10, COO  hours  of  records  for 
individual  aircraft,  the  minimum  scatter  between 
individual  aircraft  was  in  the  order  of  two  to  three. 

It  was  thought  that  this  suggested  a  genuine  scatter 
in  gust  history  but,  on  the  other  hand,  it  was  further 
suggested  that  it  might  simply  reflect  drift  or 
changes  of  calibration  in  the  instruments. 

nevertheless,  American  experience  was  that,  for  gust 
loading  conditions,  the  best  for  high  altitude 
operations  was  a  scatter  of  2:1  while  for  low 
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altitudes  (feeder  line  operations)  it  was  4:1. 

For  the  medium  size  civil  airliner  it  was  thought 
that  60  -  70 i°  of  the  fatigue  damage  was  from  the 
G-A-G  cycle  and  thus,  for  a  particular  operator,  one 
might  expect  relatively  small  scatter  in  fatigue  life. 
For  one  particular  tvpe  of  aircraft  25  failures  at  a 
specific  location  in  18  individual  aircraft  of  the 
fleet  of  one  operator  could  be  plotted  as  a  straight 
line  on  log-life  probability  paper.  On  the  question 
of  the  factor  to  be  applied  on  mean  test  life  for  safe 
service  life  estimation  it  was  stated  that,  for  a  fully 
ins pectable  structure,  variations  in  material, 
processing  and  fabrication  should  be  covered  by  a 
factor  of  two  to  three  and  that  this  should  be 
increased  to  five  to  cover  uncertainties  in  service 
loading  history,  etc. 

There  wa3  general  agreement  that  most  of  the 
current  heavy  civil  aircraft  (exceeding  12,500  lb.) 
had  been  subjected  to  some  form  of  full-scale  fatigue 
testing  or  evaluation  by  the  manufacturer.  However, 
a  particular  problem  in  Australia  was  the  extensive 
usage  of  many  types  of  light  aircraft  with  annual 
utilizations  approaching,  in  some  cases,  those  of 
large  transport  aircraft  on  scheduled  services.  It 
was  felt  that,  in  many  cases,  the  total  flight  times 
exceeded  those  envisaged  when  they  were  designed  and 
constructed.  In  addition  the  majority  of  these 
aircraft  were  not  required  to  have  a  full-scale 
fatigue  test  or  even  a  realistic  fatigue  evaluation. 

2.  Fatigue  load  history  recorders 
Problem : 

Is  it  satisfactory  to  determine  the  load  history  of 
individual  aircraft  by  measurement  of  accelerations 
at  their  c.g.,  or  should  continuous  records  of  strain 
measurements  in  the  critical  parts  of  the  structure 
be  made? 
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Discussion: 

It  was  agreed  that  in  order  to  make  life  estimates 
the  basic  requirement  was  knowledge  of  the  strain 
or  stress  in  particular  locations.  At  the  present  time 
no  simple,  easily  installed  instrument  for  this 
purpose  is  available  and  the  approach  which  has  been 
followed,  in  most  countries,  is  to  fully  instrument  an 
aircraft  with  strain  gauges  and  then  subject  it  to  a 
developmental  flying  programme.  At  the  same  time, 
calibration  against  accelerations  at  the  c.g.  provide 
a  basis  for  the  subsequent  use  of  fatigue  meters  to 
establish  the  load  history  of  individual  aircraft. 

Although  this  approach  was  considered  reasonable 
-  in  the  case  of  small  rigid  aircraft  -  for  the 
measurement  of  loads  caused  by  gusts  and  symmetric 
manoeuvres  and  perhaps  ground  loads,  it  was  thought 
that  for  flexible  aircraft  (particularly  under 
asymmetric  manoeuvres)  the  measurement  of  vertical 
accelerations  at  the  c.g.  did  not  provide  adequate 
information.  This  applies,  even  more  particularly, 
in  the  case  of  landing  and  taxying  loads. 

It  was  pointed  out  that  to  fully  understand  the 
structure  would  require  the  provision  of  quite  elaborate 
instrumentation  and  it  was  suggested  that,  even  if  a 
satisfactory  strain  range  counter  or  similar  instrument 
was  developed,  it  should  be  the  task  of  a  research 
organisation  rather  than  that  of  the  operator  or  even 
the  manufacturer  to  monitor  the  strain  history  of 
individual  aircraft.  For  an  operator  to  carry  additional 
flight  loads  instrumentation  he  must  be  convinced  of 
the  'pay-off '  in  terms  of  either  an  increase  in  life 
cr  a  more  confident  estimate  of  the  life  of  individual 
aircraft.  The  difficulties  in  keeping  complex 
instrumentation  serviceable  was  also  pointed  out. 
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3.  The  laboratory  test  spectrum 
Problem: 

To  what  extent  will  truncation  of  the  load  spectrum  at 
the  low  load  high  occurrence  end  affect  the  fatigue 
life  under  programme  and  random  loading? 

Discussion: 

It  was  agreed  that,  after  a  fatigue  crack  had 
been  initiated,  it  could  be  propagated  at  stresses 
much  less  than  the  original  'fatigue  limit'.  Also,  that 
after  a  crack  has  initiated  it  is  possible  to  predict 
the  crack  propagation  rate  in  a  structural  element 
providing  one  knows  how  the  load  changes  or  redistributes 
in  the  element  during  the  propagation  process. 

There  was,  however,  uncertainty  as  to  the 
influence  of  low  loads  during  the  pre-crack  stage. 

Some  work  carried  out  in  Switzerland  on  7075  aluminium 
alloy  test  bars  with  =  4  under  random  loading 
indicated  a  slightly  longer  life  when  the  lower  loads 
were  not  truncated  from  the  spectrum.  In  this  case 
the  crack-propagation  stage  occupied  approximately 
80 io  of  the  total  life.  '  It  was  considered  that  the 
effect  of  truncation  might  be  related  to  the  proportion 
of  the  total  life  occupied  by  crack  propagation. 

4.  Load  spectra  for  T-tails 
Problem : 

What  is  the  relationship  between  the  intensities  of 
vertical  and  horizontal  gusts? 

Discussion: 

Reference  was  made  to  some  American  work  during 
which  a  horizontal  gust  velocity  of  90  f.p.s.  had 
been  measured.  For  'normal  flying  practice'  about- 
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15 $  increase  in  intensity  in  vertical  compared  with 
horizontal  gusts  had  been  suggested,  while  for  low 
level  high  speed  flight  a  figure  of  30$  was  quoted. 

It  was  agreed  that  this  was  a  necessary  field 
for  research  in  view  of  the  increasing  use  of  T-tails 
in  modern  aircraft. 
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14.4  RECOMMENDATION  SESSION 

This  part  of  the  Meeting  was  chaired  by  Mr.  J.  Branger 

During  this  part  of  the  Closed  Technical  Meeting 
a  discussion  was  held  as  to  the  role  and  responsibility  of 
I.C.A.P.  in  improving  the  fatigue  safety  of  aircraft. 

It  was  agreed  that  although  I.C.A.P.  had  a  moral 
responsibility  in  this  regard,  its  function  should  primarily 
be  one  of  an  interchange  of  technical  information;  with 
individual  Delegates  acting  as  consultants  to  the  various 
branches  of  the  aircraft  industry  within  their  own  countries. 
Although  I.C.A.P.  had  no  authority  as  a  Committee  to  make 
recommendations  on  questions  of  airworthiness,  it  could 
nevertheless  draw  attention  to  problems  or  fields  in  which 
more  information  was  required. 

The  two  major  technical  matters  discussed  at  the 
Recommendation  Session  were  : 

(i)  the  necessity  for  full-scale  structural  fatigue 
tests; 

(ii)  the  fitting  of  fatigue  meters  to  all  individual 
aircraft. 

It  was  proposed  that  a  comprehensive  full-scale  structural 
fatigue  test  on  every  aircraft  type  was  highly 
desirable  and  that  such  a  policy  should  be  encouraged. 
Under  some  circumstances  however  it  might  be  quite 
satisfactory  to  conduct  extensive  full-scale  fatigue 
tests  on  selected  major  components  under  representative 
loading  conditions. 

(ii)  The  majority  of  the  Delegates  agreed  that  it  was 

desirable  for  large  civil  aircraft  to  be  fitted  with 
fatigue  meters  or  similar  instruments  for  their 
entire  operational  life.  The  view  was  expressed 
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however  that  although  it  might  be  essential  for 
such  instruments  to  be  fitted  initially  to  a  significant 
proportion  of  a  new  type  of  aircraft  in  each 
operator's  fleet,  the  numbers  could  be  reduced  once 
the  characteristics  of  the  route,  aircraft  type, 
etc.  had  been  established. 

V 
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APPENDIX  I 


PROGRAMME  OF  THE  5TH  I.C.A.F.  SYMPOSIUM 


"Aircraft  Fatigue  -  Design,  Operational  and  Economic  Aspects" 

Melbourne  22  -24  May,  1967 


Monday,  22nd  May,  1967 

Morning  Session  (Chairmen:  T.F.C.  Lawrence,  Australia; 

H.F.  Hardrath,  U.S.A.;  W.J.  Gornall, 
Australia) 

-  Opening  address  by  Senator  N.H.D.  Henty,  Commonwealth 
Minister  for  Supply 

-  A . lv; .  Freudenthal:  Reliability  analysis  based  on  time 
to  first  failure  (presented  by  D.M.  Forney) 

-  L.E.  Jarfall:  Optimum  design  of  joints:  the  stress 
severity  factor  concept 

-  E.J.  van  Beek:  Fatigue  testing  of  the  F.28  'Fellowship' 

Afternoon  Session  (Chairmen:  A.O.  Payne,  Australia; 

0.  Buxbaum,  Germany) 

-  D.  Lalli  and  G.  Sergio:  Design  and  certification 
for  executive  type  aircraft  (presented  by  D.  Lalli) 

-  J.  Besse  and  M.  Peyrony:  Fan  jet  Falcon  -  design  and 
certification  tests  (presented  by  G.G.  Douyere) 

-  E.T.  Labett:  The  New  Zealand  light  aircraft  fatigue 
meter  programme 

-  P.J.  Foden:  Agricultural  aircraft  flight  loads: 
typical  spectra  and  some  observations  on  airworthiness 

Tuesday,  2 3rd  May,  1967 

Morning  Session  (Chairmen:  E.L.  Ripley,  U.K.;  E.J.  van 

Beek,  Netherlands) 

-  P.  Donel.y,  J  ,W.  Jewel  and  P.A.  Hunter:  An  assessment 
of  repeated  loads  on  general  aviation  and  transport 
aircraft  (presented  by  P.  Donely) 

-  0.  Buxbaum  and  0.  Svens on:  Extreme  value  analysis 

of  flight  load  measurements  (presented  by  0.  Buxbaum) 

-  J.P.  Weibel:  Undercarriage  loadings  of  three  aircraft: 
Porter  PC6,  Venom  DH-112  and  Mirage  IIIS 
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-  J.G.  V/agner:  Some  considerations  on  acoustic  fatigue 
(presented  by  J.L.  Marchal) 

Afternoon  Session  (Chairmen:  D.R.  Hooper,  Australia; 

S.  Eggwertz,  Sweden) 

-  H.T.  Jensen:  The  application  of  Ti-6Al-4V  titanium 
to  helicopter  fatigue  loaded  components 

-  W.J.  Crichlow,  C.J.  Buzzetti  and  J.  Fairchild:  The 
fatigue  and  fail-safe  programme  for  the  certification 
of  the  Lockheed  Model  286  rigid  rotor  helicopter 
(presented  by  W.J.  Crichlow) 

-  J.A.B.  Lambert  and  A.J.  Troughton:  The  importance 
of  service  inspection  in  aircraft  fatigue  (presented 

;  by  A.J.  Troughton) 

Wednesday,  24th  May,  1967 

Morning  Session  (.Chairmen:  1.8.  Milligan,  Australia; 

P.  Donely,  II. S. A.) 

-  V.P.  N'Guyen  and  E.L.  Ripley:  Design  philosophy 
and  fatigue  testing  of  the  Concorde  (presented  by 
E.L.  Ripiey) 

-  D.R.  Donaldson  and  K.J.  Kenworthy:  Fatigue  design 
and  test  programme  for  the  American  SST  (presented 
by  D.R.  Donaldson) 

-  II.  Rhomberg:  Economic  and  operational  aspects  of 
fatigue:  figures  of  a  Swiss  ground  attack  fighter 
(presented  by  J.  Branger) 

-  P.  Axisa  and  D.G.  Graff:  Economic  aspects  of  fatigue 
in  commercial  airlines  (presented  by  D.G.  Graff) 

Afternoon  Session  (Chairman:  J.Y.  Mann,  Australia) 

-  R.C.  Morgan:  Some  thoughts  on  the  economics  of 
fatigue 

-  D.m.  McElhinney:  Observations  on  designing  to 
combat  fatigue  and  its  effects  on  the  economics  of 
civil  transport  aircraft 

-  Closing  Session:  Address  by  Mr.  T.F.C.  Lawrence 
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LIST  OF  PARTICIPANTS  AT  THE  5TH  I.C.A.F.  SYMPOSIUM 

The  5th  ICAF  Symposium  was  held  in  the  Theatrette  of 
the  National  Mutual  Centre,  Collins  Street,  Melbourne  on 
22nd  -  24th  May,  1967.  It  was  attended  by  the  following 
persons. 
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A  .R  .L . 

ANDERSON,  J.B. 

British  Motor  Corp.  (Aust. )  Pty.  Ltd 
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Department  of  Air,  Canberra 
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D.C.A.,  Sydney 
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BECKETT,  R.C. 
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BENNETT,  A.S. 

Department  of  Air,  Melbourne 

BENNETT,  G.D. 

G.A.F. 

BIBO,  J.H. 

Ansett  -  ANA,  Melbourne 

BLACKLER,  J. 

Hawker  de  Havilland  Aust.  Pty.  Ltd., 
Bankstown,  N.S.W. 

BOLONKIN,  K.A. 

D.C.A.,  Melbourne 

BORCHARDT,  H.A. 

University  of  New  South  Wales, 
Kensington,  N.S.W. 

BROWN,  B. 

Hawker  de  Havilland  Aust.  Pty.  Ltd., 
Bankstown,  N.S.W. 

BROWN,  W.D. 

Shell  Company  of  Australia  Ltd., 
Melbourne 

BRUCE,  G.P. 

A.R.L. 

CADWGAN,  H. 

Massey-Ferguson  (Aust.)  Ltd., 
Melbourne 

A.R.L.  -  Aeronautical  Research  Laboratories,  Department  of 
Supply,  Melbourne 

C. A.C.  -  Commonwealth  Aircraft  Corporation  Pty.  Ltd., 

Melbourne 

D. C.A.  -  Department  of  Civil  Aviation 

G.A.F.  -  Government  Aircraft  Factories,  Department  of  Supply 
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T.A.A.  -  Trans-Australia  Airlines,  Melbourne 
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DOIG,  R.J. 
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D.C.A.,  Sydney 
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MacRobertson  Miller  Airlines  Ltd., 
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T.A.A. 


GRANDAGE,  J.M. 
KARRIS,  F.G. 
HARRISON,  P. 
HAYGOOD,  A . J . 
HOLLOWAY,  E. 
HOOKE,  P ,H . 
HOOPER,  D.R. 
HOSKIN,  B.C. 
HOWARD,  P.J. 
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A.R.L. 
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A.R.L. 
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A.R.L. 
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